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THE RISE AND FALL OF AN EPIZOOTIC OF THE DIPHYLLOBOTHRIIDEAN CESTODE 
SCHISTOCEPHALUS PUNGITIIINFECTING THE NINESPINE STICKLEBACK 
David C. Heins and Johanna K. Ecke 
Department of Ecology and Evolutionary Biology, 400 Lindy Boggs Center, Tulane University, New Orleans, Louisiana 70118. 
e-mail: heins@tu/ane.edu 
ABSTRACT: Epizootics of diphyllobothriidean cestodes appear to be simple, but deceptive similarity conceals the myriad ways in which 
these events are shaped by complex abiotic and biotic interactions. In Dog Bone Lake, Alaska, an epizootic of Schistocephalus pungitii 
infecting the ninespine stickleback (Pungitius pungitius) was short-lived. Its duration, with a peak that lasted only 1 yr, was shorter than 
for previously documented epizootics in Schistocephalus solidus. The ability of the ninespine stickleback to sustain infections, which 
appears to be related to species-specific characteristics of the host, may have played an important role in shaping the epizootic. Moreover, 
the epizootic of S. pungitii was not coincident with those observed for S. solidus in earlier studies within this region, supporting the 
hypothesis that processes involved in epizootics largely reflect local (lake-level) influences on population dynamics of the parasite. The 
outbreak occurred at a time when the host population was not relatively dense, which is inconsistent with epidemiological theory and may 
be a consequence of the parasite's indirect life cycle. The variability of the unregulated and unstable epizootic events of 
diphyllobothriidean cestodes presents a challenge to understand the ecological and evolutionary factors influencing the prevalence of 
infections in host populations. 
Epizootics of diphyllobothriidean cestodes are deceptively 
simple. The number of infections temporarily rises markedly 
above anticipated levels, based on the recent history of infection, 
and then declines. Individual outbreaks, however, are shaped by 
complex biotic and abiotic interactions that are concealed by this 
deceptive similitude. For example, Heins et aI. (2011) and Heins 
and Baker (2011) found that the extent of an epizootic of 
Schistocephalus solidus in Scout Lake, Alaska was limited by the 
deaths of juvenile host fish that did not survive to become adults, 
which are the major source of transmission of adult worms to the 
definitive host. The dynamics of an epizootic may, therefore, play 
out differently among age classes of intermediate host fish. 
Kennedy et aI. (2001) found that epizootics of Ligula intestinalis 
coincide with rapid growth in the population of roach (Rutilus 
rutilus), its intermediate host fish. Epizootics are unregulated 
and, therefore, unstable and variable (Kennedy et aI., 2001; Heins, 
Birden et aI., 2010). Mega-epizootics result from a rare 
combination of circumstances, whereas less extreme and more 
gradual epizootics should be more common and play out in very 
many ways (Heins, Birden et aI., 2010; Heins et aI., 2011). 
Epizootic cycles appear to include mega-epizootics interspersed 
among typical ones. The decline of a mega-epizootic in Walby 
Lake, Alaska was followed by a less extreme event (Heins, Birden 
et aI., 2010; Heins et aI., 2011). In Slapton Ley (Devon, England), 
the second of 3 epizootics investigated by Kennedy et aI. (2001) 
appears to have been a mega-epizootic. 
In the present study, we investigated the rise and fall of an 
epizootic in Schistocephalus pungitii infecting ninespine stickle-
back (Pungitius pungitius) in Dog Bone Lake, Alaska. The life 
cycle of S. pungitii, like that of S. solidus (Smyth, 1962), involves 
transmission through predation of a free-living coracidium by 
zooplankton, a procercoid in a cyclopoid copepod, and a 
plerocercoid in a ninespine stickleback (P. pungitius), leading to 
an adult tapeworm in a piscivorous bird in which the parasite 
reaches sexual maturity and reproduces. Almost all of the 
parasite's growth occurs at the plerocercoid stage, the ninespine 
stickleback being the resource base for the growth of the parasite. 
As a result, S. pungitii imposes a substantial energy drain on the 
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host fish because individual plerocercoids may attain relatively 
large sizes (D. Heins, pers. obs.), multiple infections can be 
common, and the total mass of all parasites in a single host fish 
can be large relative to the host mass (Heins et aI., 2004). The 
epizootic event in S. pungitii is compared to those of S. solidus, 
including differences in the ability of the host species to sustain 
infections, which should explain the nature of the epizootic event. 
Other factors that might have influenced the epizootic are also 
considered. 
MATERIALS AND METHODS 
Sampling and study site 
Samples of ninespine sticklebacks were obtained annually from Dog 
Bone Lake, Alaska in late Mayor early June from 2000 through 2005. 
Fish were killed with tricaine methanesulfonate prior to fixation and 
storage in 10% buffered formalin based upon an institutionally approved 
protocol. During each sampling period, fish were caught using 10-20, 
6-mm and occasionally also 3-mm, Gee wire-mesh minnow traps (Cuba 
Specialty Manufacturing Company, Filmore, New York) set near shore at 
one end of the lake. Also included are data from a sample collected using 
3-mm traps in 1990 by M. A. Bell during a survey oflakes in Alaska (Bell 
et aI., 1993); the sample was obtained in a similar manner but stored in 
isopropyl alcohol after fixation in formalin. 
Dog Bone Lake (600 41'36"N; 151 0 17'46''W) is located in the northwest 
area of the Kenai Peninsula in the south-central region of Alaska. The lake 
is situated at an elevation of ca. 38 m with a surface area of ca. 26 ha and a 
maximum depth estimated to be 4 m (R. Massengill, pers. comm.). The 
only fish inhabiting the lake are nines pine sticklebacks. The lake was 
stocked by the lakeside owner in 1963 and 1967 with sport fish that had 
died out before this study (R. Massengill, pers. comm.). Lakes in the 
south-central region of Alaska may be covered with ice from October to 
May (Woods, 1985). 
Data gathering and statistical analysis 
In Alaska, the ninespine stickleback reproduces May-June (Heins et aI., 
2003). Fish become sexually mature and reproduce at 2 yr of age, although 
some individuals may live to 3 yr of age (Heins et aI., 2003). We were 
unable to sample l-yr-old sticklebacks consistently in Dog Bone Lake, and 
no young-of-the-year sticklebacks were caught in any of our samples. 
Thus, this study is based on analyses of adult sticklebacks (>40 mm 
standard length; Heins et aI., 2003) that were 2-yr-old or older. Catch-per-
unit-effort (CPUE) for the ninespine sticklebacks from each sampling 
period was calculated as the number of fish per minnow trap per hour. 
The standard length (SL, distance from tip of snout to base of caudal 
fin) of specimens was measured to the nearest 0.1 mm with digital calipers, 
and the wet masses of undissected specimens were weighed to the nearest 
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milligram after blotting with a paper towel. Sticklebacks were then 
necropsied to determine whether there were S. pungitii infections and to 
remove plerocercoids from the body cavity. The species identification of 
S. pungitii is based upon the host specificity of Schistocephalus in species of 
sticklebacks (Britten, 1966; Orr et aI., 1969), and a study of the 2 nominal 
species of parasite (Nishimura et aI., 2011) showed that the 2 nominal 
species, including parasites from Dog Bone Lake, have their own genetic 
identities. Parasites were counted and weighed collectively to the nearest 
milligram after blotting. When the parasites were too small to weigh, the 
mass of each one was estimated to be 0.5 mg following measurements of 
some worms on a more precise balance. This estimated mass somewhat 
overestimated the weight of the smallest un-weighable worms using the 
milligram balance and it underestimated the mass of largest un-weighable 
worms. The error involved was small. Eviscerated specimens were weighed 
to the nearest milligram after blotting with a paper towel. A parasite:host 
biomass ratio (parasite index, PI) was used as a measure of the severity of 
parasite infection. The PI was calculated using the formula PI = (P/H), 
where P is the total weight of the parasites and H is the blotted mass of the 
eviscerated host. PI may be expressed as a percentage (100 PI) herein for 
ease of understanding. A total of 1,679 specimens was examined for this 
study. Total sample sizes are 212, 2000; 295, 2001; 244, 2002; 449, 2003; 
228, 2004; and 251, 2005. Sample sizes for infected fish are 27, 2000; 
61,2001; 87, 2002; 359,2003; 100,2004; and 85, 2005. 
The prevalence of infection across years was analyzed using the 
likelihood ratio chi-square test. Confidence limits were calculated for 
prevalence following Wilson (1927) and Newcombe (1998). Intensity of 
infection and parasite:host biomass ratio (PI) among years were analyzed 
using an analysis of variance (ANOVA). PI-values could not be arcsine 
transformed prior to analysis because some exceeded 1.00 (100%). Post-
hoc tests of mean differences were completed using the Games-Howell 
Test because variances were found to be heteroscedastic using Levene's 
test. The data also were not normally distributed. Using ANOVA followed 
by the Games-Howell Test was thought to be preferable to using the 
Kruskal-Wallis test because the latter is susceptible to error when the data 
also have unequal variances. The Kruskal-Wallis test, however, led to the 
same conclusions for intensity and PI among years. In addition, parasite 
mass was tested for differences in mean mass across years using an analysis 
of covariance (ANCOVA) with eviscerated host mass as the covariate. We 
also used ANCOV A to compare the body mass of uninfected and 
un-dissected ninespine stickleback from Dog Bone Lake to the body mass 
of uninfected and un-dissected threespine stickleback from Scout Lake 
(Heins et aI., 2011; Heins, pers. obs.) using samples taken in 2000. Raw 
data were transformed to base 10 logarithms prior to each ANCOV A. 
RESULTS 
Stickleback population dynamics 
The CPUE of ninespine sticklebacks in Dog Bone Lake rose 
from 1.0 in 2000 to 4.6 in 2001. The CPUE then decreased to 1.3 
in 2002 and varied between 0.6 and 1.2 from 2003-2005. The 
CPUE in 1990 was 0.90. 
Parasite population dynamics 
The prevalence of S. pungiiii infections in ninespine stickle-
backs (Fig. 1) varied significantly among years (likelihood ratio 
X2 = 412.304, df = 5, P < 0.001). Prevalence increased from 13% 
in 2000 to 36% in 2002. It then increased to 80% in 2003 before 
falling to 44% in 2004 and then to 34% in 2005. In 1990, the 
prevalence of infections was 42% (95% CI = 34--50%). 
Intensity of infection (Fig. 1) in ninespine sticklebacks changed 
significantly among years (F = 9.589; df = 5, 705; P < 0.001). The 
Games-Howell post-hoc test indicated that intensity increased 
significantly (P < 0.05) from 1.9 in 2000 to 3.2 in 2002. The 
increase from 2002 to 10.8 in 2003 was also significant. Then, 
intensity decreased significantly from 2003 to 3.5 in 2004. As 
suggested by the data on mean intensity, the percentage of 
multiple infections (~2 parasites per host) changed during the rise 
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FIGURE 1. Prevalence (lower graph, solid line), mean intensity (middle 
graph, dashed line), and mean parasite:host biomass ratios (parasite index, 
upper graph, dotted line) of Schistocephalus pungitii infections among 
ninespine sticklebacks in Dog Bone Lake, Alaska, from 2000-2005. 
Vertical bars show 95% confidence intervals. Total sample sizes are 212, 
2000; 295, 2001; 244, 2002; 449, 2003; 228, 2004; and 251, 2005. Sample 
sizes for infected fish are 27, 2000; 61, 2001; 87, 2002; 359, 2003; 100,2004; 
and 85, 2005. 
and fall of the epizootic. The percentage of hosts with multiple 
infections increased from 41 % in 2000 to a peak of 83% in 2003 
(51 %, 2001; 62%, 2002). The number of multiple infections 
dropped to 66% in 2004 and 49% in 2005. In 1990, the mean 
intensity of infections was 6.8 (95% CI = 4.3-9.3) and 67% of 
hosts had multiple infections. 
The parasite:host mass ratio (PI, Fig. 1) varied significantly 
among years (F = 72.515; df = 5,705; P < 0.001). The Games-
Howell post-hoc test indicated that PI increased significantly (P < 
0.05) to 21% in 2003 from levels seen in 2000-2002 (4-12%). PI 
then decreased significantly to levels seen in 2004-2005 (3-8%). 
ANCOV A showed significant differences in mean parasite weight 
adjusted for eviscerated host mass (F = 148.185; df = 5, 712; 
P < 0.001). The Games and Howell post-hoc test showed that 
mean parasite weight varied across years in a pattern similar to 
that of PI. Mean parasite mass was significantly greater in 2003 
than any other year (P < 0.001). Significant differences among 
other years were consistent with the results for PI. Thus, increased 
PI was not a result of decreased host mass. In 1990, the PI was 
46% (95% CI = 38-54%). 
Host length-weight relationships 
The body mass of uninfected and un-dissected ninespine and 
threespine sticklebacks showed significant relationships with SL 
(ninespine stickleback, r = 0.94, P < 0.001; threespine stickle-
back, r = 0.94, P < 0.001; Fig. 2). The mean body mass of 
ninespine stickleback was significantly less than that of threespine 
stickleback, following adjustment for the covariate log SL 
(F = 685.022; df = 1, 606; ~ < 0.001); there was no significant 
interaction between species and log SL (F = 0.505; df = 1, 605; 
P = 0.477). Anti-logarithms of the adjusted mean body mass 
were 1.466 g for ninespine stickleback and 1.820 g for threespine 
stickleback. Thus, the average weight of the ninespine stickleback 
was 81 % of the average weight of the threespine stickleback. 
DISCUSSION 
Epizootics are characterized by the number of individual 
infected organisms ("cases" in epidemics of human populations) 
in a population of the host species, which is quantified by 
calculating the prevalence of infections (percent infected; Bush 
et aI., 1997). In complex parasites, other metrics of the parasite 
population provide important information relating to the 
abundance of the parasite in the host population (intensity) or 
to the impact of infections on the host species (PI). Thus, all of 
these metrics may be important in understanding the processes 
occurring as an epizootic unfolds. Determining the duration of an 
epizootic event is somewhat subjective because the characteristic 
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FIGURE 2. Length-weight relationships for uninfected and un-dissected 
ninespine stickleback from Dog Bone Lake (open circles, n = 185) and 
threespine stickleback (open triangles, n = 424) from Scout Lake, Alaska 
in 2000. 
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feature of an epizootic is an unexpected rise in infected hosts 
above the level that is typical for a given population. Nonetheless, 
the definition allows general comparisons of epizootics. 
The present study documents a short-lived epizootic of 
S. pungitii, which peaked for only about 1 yr. The prevalence of 
infections increased steadily from 2000 to 2002 and then peaked in 
2003 before declining to levels observed in 2002. Intensity and PI 
showed significantly higher values in 2003 than in years before or 
after the peak. The latter years showed similar levels of infection. 
The host population was relatively large in 2001, 2 yr prior to the 
peak of the epizootic. At the peak, however, host population size 
had declined to levels about the same as in other years before, and 
after, the epizootic. Thus, in contrast with earlier observations 
(Kennedy et aI., 2001; Heins, Birden et aI., 2010; Heins et aI., 
2011), not all epizootics occur when the population size of the 
host species is large and dense. 
Epidemiological theory predicts a relationship between host 
population density and the increased prevalence of infections 
signifying an epidemic, the key assumption being that the rate 
of transmission is positively related to the density of the host 
population (Arneberg et aI., 1998; Morand and Poulin, 1998; 
Arneberg, 2001; Lafferty, 2004). Thus, the occurrence of an 
epizootic of S. pungitii at a time when the host population was not 
large and, therefore, dense, is inconsistent with epidemiological 
theory. Theoretical relationships among host density, parasite 
transmission, and the frequency of disease appear to model 
population dynamics of parasite-host systems involving simple 
(direct) parasite life cycles but not systems involving complex 
(indirect) parasite life cycles. The difference between direct and 
indirect life cycles seems to be a crucial factor in influencing the 
outcome of the interplay between host and parasite (Arne berg, 
2001). We may expect to see a correlation between parasite 
prevalence and host population density among parasites with 
direct life cycles, but not find a relationship among parasites with 
indirect life cycles (Arneberg, 2001), because the relationship 
between parasite prevalence and host population density may 
not be straightforward in indirect transmission cycles involving 
intermediate hosts (Dobson, 1990). 
The data from the 1990 sample suggest that an epizootic also 
occurred about that time. Prevalence and intensity of infection 
were moderately high compared to the levels observed during the 
2000-2005 period, and the number of multiple infections was 
similar to the peak seen in 2003. The PI was more than twice as 
great as the peak in 2003. CPUE was within the range of observed 
values for years other than 2003. The sample from 1990 was 
obtained in early July, which was 2 mo later than the samples used 
in this investigation. The PI observed for this sample is likely to 
have been much higher due to the later sample date, reflecting the 
growth of plerocercoids over a longer time. These data suggest 
that epizootic cycles of S. pungitii may occur in Dog Bone Lake 
and they may not show correlations between population size of 
the host and parasite prevalence. 
The epizootic of S. pungitii was shorter in duration and not 
concurrent with epizootics of S. solidus in other lakes of Alaska. 
Two epizootics of S. solidus were investigated in Walby Lake 
(Heins, Birden et aI., 2010). Only the decline phase of the first 
epizootic (peak to trough: 1996-1997) was quantified; however, 
observations suggested that the event had peaked over a few years 
(Heins, Birden et aI., 2010). The second epizootic peaked during 
1999 and 2000, before gradually declining through 2003 (Heins, 
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Birden et aI., 2010). An epizootic of S. solidus in Scout Lake 
peaked from 1997-1999 before declining by 2000, and the peak 
may have lasted as many as 4 yr based on observations made 
in 1996 (Heins et aI., 2011). Thus, these events appear to be 
unregulated, unstable, and independent events (Heins, Birden 
et aI., 2010; Heins et aI., 2011). That the epizootic in Dog Bone 
would be biologically independent of the epizootics in Walby 
and Scout lakes is not surprising, given that 2 different species 
of parasites are involved. There do not appear to be any 
climatological factors influencing the life cycles of these parasites, 
which lead to similar timing in the rise and fall of epizootics in this 
region. The data are, therefore, consistent with the hypothesis 
that processes involved in epizootics largely reflect localized (lake-
level) influences on population dynamics of the parasite (Kennedy 
et aI., 2001; Heins et aI., 2011). 
The present study raises 2 questions regarding epizootic events 
in S. pungitii vis-A-vis S. solidus. First, is the host-parasite system 
of the ninespine stickleback and S. pungitii different enough from 
that between threespine stickleback and S. solidus that we can 
expect epizootics in ninespine sticklebacks to be more short-lived? 
Second, what, then, brought a quick end to the epizootic reported 
herein? Any link in the life cycle of S. pungitii may provide the 
answers. The host-parasite system of S. pungitii and the ninespine 
stickleback has received little attention (Heins et aI., 2004). Thus, 
inferences regarding the dynamics of the relationship between 
S. pungitii and ninespine stickleback are drawn from the well-
known relationship between S. solidus and threespine stickleback. 
Three considerations suggest that the host-parasite systems 
may be different enough for basic characteristics of the epizootics 
to differ between the 2 systems, possibly resulting in short-lived 
epizootics in S. pungitii. First, the energetic demand of S. solidus 
on the threespine stickleback is well documented (Walkey and 
Meakins, 1970; Lester, 1971), and we assume that S. pungitii 
imposes similar energetic demands on the ninespine stickleback. 
The result of the stress of infection on threespine sticklebacks can 
be massive host mortality (Threlfall, 1968; Pennycuick, 1971). The 
ninespine stickleback is a slender fish compared to the benthic 
form of threespine stickleback studied by Heins, Birden, and 
Baker (2010) and Heins et aI. (2011). The mass of un infected and 
un-dissected ninespine sticklebacks is 19% less than the mass of 
similar-length threespine sticklebacks at the same length. Thus, 
energy in tissues and organs of the 2 host species of the same 
length differs to a large degree. As a result, the ninespine 
stickleback may be expected to be less able to sustain infections, 
which may result in greater mortalities at similar and perhaps 
even smaller burdens. The greatest mean PI observed for adult 
threespine stickleback in Walby' Lake during an epizootic event 
was 0.266 (±95% c.1., 0.245-0.288; Heins, Birden et aI., 2010; 
Heins, pers. obs.). During the epizootic in Scout Lake, the 
greatest annual PI was 0.136 (±95% c.1., 0.098-0.174; Heins et 
aI., 2011; Heins and Baker, pers. obs.). Apparently, large burdens 
among juvenile fish in Scout Lake resulted in massive mortalities 
of juvenile hosts with high PIs, whereas juvenile hosts with lower 
PIs survived the winter to become adult fish the following year 
(Heins and Baker, 2011). At the peak of the epizootic in Dog 
Bone Lake, the PI was 0.212 (±95% C.I., 0.0.199-0.224). Second, 
the effect of plerocercoids on host reproduction can differ 
dramatically between threespine and ninespine sticklebacks in 
Alaska. Host reproduction is almost completely curtailed by 
infection, regardless of the burden in ninespine stickleback 
females, whereas the deleterious effects of infection appear to 
allow a higher level of reproductive success among infected 
threespine stickleback females that may retain the ability to 
produce clutches of eggs in the face of substantial infections 
(Heins et aI., 1999, 2004; Heins and Baker, 2008; Heins, Baker 
et aI., 2010). The effect of S. solidus on reproduction of the 
threespine stickleback appears to be the result of nutrient theft 
alone (Schultz et aI., 2006; Heins, Baker et aI., 2010). In the 
ninespine stickleback, S. pungitii may steal nutrients and also 
manipulate host energy away from reproduction to somatic 
tissues through endocrine disruption (Heins and Baker, 2010). 
Third, populations of the ninespine stickleback do not appear to 
reach the same densities as those of the threespine stickleback 
(D. Heins, pers. obs.), which is supported by CPUEs reported in 
this study compared to those in studies of threespine stickleback 
(Heins, Birden et aI., 2010; Heins et aI., 2011). 
Other links in the life cycle may also have affected processes 
shaping the epizootic in S. pungitii. The abundance of copepods 
may have had an influence on infection levels in smaller fish (Riggs 
and Esch, 1987; Hoole et aI., 2010), which would have affected the 
metrics of infection among adults. Use of the lake by piscivorous 
birds likely did not change with time because the landscape around 
Dog Bone Lake was unchanged during the study. Barring major 
perturbation at the lake or regional changes in avian assemblages, 
we can expect habitat use by aquatic birds to be stable over time 
(Gingras and Paszkowski, 2006; Paszkowski and Tonn, 2006; C. A. 
Paszkowski, pers. comm.). Moreover, common loons (Gavia 
immer), which nest on Dog Bone Lake and many other lakes in 
the region (D. Heins, pers. obs.), often reuse nesting areas year-to-
year, resulting in high site fidelity (Strong et aI., 1987). 
Obtaining long-term data sets to address questions about 
processes and patterns in epizootics is not without complications 
(Kennedy et aI., 2001). If sampling protocols incorporate samples 
that are planned to investigate epizootics among complex 
parasites in nature, the environmental and evolutionary-genetic 
factors involved in determining the 'expected' levels of infection 
within a host population should be emphasized. Understanding 
these conditions may allow one to gain a greater understanding of 
the interplay between host and parasite leading to epizootics, 
which appear to vary widely. 
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HELMINTH COMMUNITY STRUCTURE OF TROPIDURUS TORQUATUS 
(SQUAMATA: TROPIDURIDAE) IN A ROCKY OUTCROP AREA OF MINAS GERAIS 
STATE, SOUTHEASTERN BRAZIL 
Felipe B. Pereira, Bernadete M. Sousa*, and Sueli de Souza Limat 
Programa de P6s-Gradua<;:ao em Comportamento e Biologia Animal, Instituto de Ciencias Biol6gicas, Universidade Federal de Juiz de 
Fora - UFJF, CEP 36036-900, Juiz de Fora, MG, Brazil. e-mail: felipebisaggiop@hotmail.com 
ABSTRACT: The helminth community of Tropidurus torquatus (Squamata: Tropiduridae) from a rocky outcrop area located in the 
state of Minas Gerais, southeastern Brazil, was studied, Ninety-two of the 110 individuals examined (83,6%) harbored helminths. Five 
species were found, including 3 nematodes (Physaloptera lutzi, Parapharyngodon bainae, and Oswaldofilaria chabaudl), 1 unidentified 
cestode species, and 1 acanthocephalan cystacanth also not identified. Only the nematode species had sufficient data to perform 
ecological analysis, with P. lutzi exhibiting the highest prevalence (67.3%). Prevalence between male and female hosts differed only for 
Oswaldofilaria chabaudi, with males exhibiting the highest values. The intensities of infection by P. lutzi and 0. chabaudi were different 
among male and female hosts, with males also exhibiting the highest values. The host body size was positively related to intensity of 
infection for all nematode species. Local seasonality had some influence on the helminth community structure. Host diet, sexual 
dimorphism, and behavior (territorialism, forage strategy) represented important factors for the structure of this parasite community. 
In general, the helminth community was species poor, depauperate, and non-interactive, representing a typical structure observed in 
lizard hosts. 
Patterns and processes that affect parasite community struc-
tures are linked to host-parasite relationships and environmental 
conditions (Esch et aI., 1990; Price, 1990). Parasites can influence 
host behavior, fitness, physiology, and morphology (Poulin, 1999; 
Marcogliese, 2005). Therefore, helminths can affect the host 
population structure, playing an important role as ecological 
determinants (Poulin, 1999; Marcogliese, 2004). Moreover, host 
behavior, diet, body size, gender, and geographical range may 
influence the parasite community structure (Aho, 1990; Roberts 
et aI., 2004; Amo et al., 2005). 
Environmental factors also can play an important role in 
structuring parasite communities (Aho, 1990; Dobson et al., 1992; 
Dobson and Pacala, 1992). Seasonality, for example, has been a 
focus of various studies in the ecology of parasitism (Rocha, 1995; 
Menezes et aI., 2004; Amo et aI., 2005; Anjos et aI., 2005; Ibrahim 
and Soliman, 2005; Martin et aI., 2005). Fluctuations in the 
abundance of intermediate hosts during the year are common 
in environments with markedly different seasons (Kelley and 
Horner, 2008; Kenyon et aI., 2009). 
Reptiles generally have depauperate helminth communities, 
with a few species exhibiting high prevalence (Aho, 1990). 
Nonetheless, reptiles are ideal hosts for parasite ecology studies 
because they exhibit great plasticity in habitat occupation along 
with an extensive diversity of habits and behaviors (Aho, 1990). 
Tropidurus torquatus (Wied, 1820) (Squamata: Tropiduridae) is 
a small lizard with wide distribution in Brazil (Rodrigues, 1987); it 
is found in salt marshes, (restingas), scrublands (caatingas), costal 
sand dunes, rocky outcrops, and areas affected by human activity. 
They have a seasonal reproductive cycle and exhibit sexual 
dimorphism, wherein males are larger than females and are 
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strongly territorial (Pinto et aI., 2005; Van Sluys et al., 2010). This 
lizard is an ambush predator with a diet consisting of active prey, 
mainly ants, but some plant matter as well (Rocha and Bergallo, 
1994; Carvalho et aI., 2007). 
Currently, little is known about the ecology of the helminth 
community associated with T. torquatus (Van Sluys et aI., 1997; 
Ribas et aI., 1998; Vrcibradic at aI., 2000; Kiefer, 2003). Accord-
ingly, the present study was focused on the following goals: (1) to 
determine the helminth parasite species associated with T. 
torquatus in a rocky outcrop area located in the Atlantic Forest 
zone of the state of Minas Gerais, southeastern Brazil, (2) to 
analyze the helminth community structure, (3) to verify differ-
ences in parasitism between male and female hosts, and between 
the dry and rainy seasons, (4) to verify the relationship between 
intensity of infection and host body size, and (5) to identify 
possible relationships between the helminth community structure 
and host diet and behavior. 
MATERIAL AND METHODS 
Study area 
Field work was carried out from August 2005 to June 2007 in a 
rocky outcrop area located in the district of Toledos (21°48'27.5"S; 
43°35'31.7"W; elevation ca. 697 m) in the city of Juiz de Fora, Minas 
Gerais, southeastern Brazil. This area is characterized by rocky soil and 
shrub vegetation. The rainy season extends from October to April and the 
dry season from May to September, with a mean annual temperature 
(±SD) of 19.3 ± 0.4 C and annual rainfall of 1,529 ± 155 mm. During the 
study period, rainfall totaled 780 mm in the rainy season and 175 mm 
during the dry season (PJF/SPDE/Anmirio, 2010). 
Sampling 
A total of 110 lizards (35 adult males, 63 adult females, and 12 
juveniles) was collected by loop or tie traps, immediately killed, and kept 
in thermal boxes filled with ice. The lizards were kept frozen in the 
Helminth Taxonomy and Ecology Laboratory of Juiz de Fora Federal 
University for future analysis. Each lizard was weighed (precision 
0.25 mg) and the snout-vent length (SVL) was measured with a caliper 
(to the nearest 0.01 mm). Then, they were necropsied using a longitudinal 
incision from vent to throat. The body cavity, digestive tract (separated 
into esophagus, stomach, large intestine, small intestine) and muscula-
ture of thighs and base of tail were examined for helminths using a 
stereomicroscope. 
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TABLE 1. Prevalence (P, in %), mean intensity of infection (±I SD; range), index of discrepancy (D), and infection sites (percentage of parasite 
encountered) for overall and each helminth species associated with Tropidurus torquatus from a rocky outcrop area in Toledos, Juiz de Fora, Brazil. 
Helminth species P (%) Mean intensity (range) D Infection sites· (%) 
Physaloptera lutzi 67.3 4.8 ± 4.8 (1-21) 0.64 S (95.2), LI (0.8), SI (4) 
Paraphatyngodon bainae 60.0 4.8 ± 4.6 (1-29) 0.66 LI (4.3), SI (91.1) 
Oswaldofilaria chabaudi 29.1 3.1 ± 2.5 (1-12) 0.81 BC (35), PT (58), T (7) 
Cestode 3.6 1.3 ± 0.5 (1-2) 0.96 LI (100) 
Cystacanth 0.9 1.0 0.98 PT (100) 
Overall 83.6 8.2 ± 6.9 (1-32) 0.52 
• S = stomach; LI = large intestine; SI = small intestine; Be = body cavity; PT = posterior tights; T = tail. 
The parasites found were fixed in AFA (70% ethanol [93 parts], 40% 
formalin [2 parts], and glacial acetic acid [5 parts]) and stored in 70% 
ethanol. They were cleared in lactophenol, mounted on glass slides, and 
examined via light microscopy for identification. 
Statistical analysis 
A test for proportions (t-test) was used to verify the existence of a 
significant difference in prevalence between males and females Guveniles 
not included) and between the rainy and dry seasons (Zar, 1999). The 
Kolmogorov-Smirnov test was performed to verify the intensity of infection 
distribution pattern. When the data were normally distributed, analysis of 
variance (one-way ANOVA) was used to verify if there was a significant 
difference in intensity of infection between males and females Guveniles not 
included) and between the rainy and dry seasons. If not, then the Mann-
Whitney U-test was used to compare the intensity differences as well as 
differences in SVL between male and female hosts (Zar, 1999). Regression 
analysis was used to evaluate the effect of lizard body size and weight on 
intensity of infection (log transformed) (Zar, 1999). One-way ANOVA was 
also used to determine if there was a significant difference in helminth 
species richness between male and female hosts (Zar, 1999). 
The index of discrepancy (D) was used to characterize the distribution 
pattern of parasites within the host population, where D = 0 represents 
a uniform distribution and D = I the theoretical maximum aggregation 
(Poulin, 1993). Prevalence, mean intensity of infection, and index of 
discrepancy were calculated with the Quantitative Parasitology 3.0 software 
(Rozsa et aI., 2000). Statistical tests were performed with a significance level 
of P < 0.05 using the program R (Oksanen et aI., 2007). Parasitological 
terminology used throughout follows that of Bush et al. (1997). 
RESULTS 
For T. torquatus, there was a significant difference (U = 773.5; 
P = 0.001) in SVL between adult males (88.8 ± 21.2 mm; range 
57.7-127.2 mm; n = 35) and adult females (75.7 ± 13.6 mm; 
range: 59.2-101.4 mm; n = 63). Juveniles (51.1 ± 4.4 mm; range: 
42.1-55.6 mm; n = 12) were not infected by helminths. Overall 
helminth prevalence was 83.6% (92/110) and overall intensity of 
infection was 8.2 ± 6.9 (range: 1-32). Five parasite species were 
found in T. torquatus, i.e., 3 nematode species, namely Physaloptera 
lutzi Cristofaro, Guimaraes, and Rodrigues, 1976 (Physalopter-
oidea: Physalopteridae), Oswaldofilaria chabaudi Pereira, Souza 
Lima, and Bain, 2010 (Filarioidea: Onchocercidae), and Para-
pharyngodon bainae Pereira, Sousa and Souza Lima, 2011 
(Oxyuroidea: Pharyngodonidae), plus 4 specimens of an uniden-
tified cestode and a single unidentified cystacanth (Table I). The 
most prevalent helminth was P. lutzi (67.3%; 74/110), followed by 
Pa. bainae (60.0%; 6611l0) and then by O. chabaudi (29.1%; 321 
110). The cestodes and cystacanth were not included in the 
ecological analysis due to the small sample sizes (Table I). 
Considering all helminth species, mean species richness per 
infected host was 1.9 ± 0.7 (range 1-3; n = 92). The largest 
proportion of infected hosts (46.7%; n = 43) harbored 2 helminth 
species followed by hosts that harbored 1 species (31.5%; n = 29) 
and 3 species (21.8%; n = 20). None was infected by more than 3 
species. 
Only for 0. chabaudi was there a significant difference (t = 
- 2.27; P = 0.02) observed in the prevalence between males (47.7%) 
and females (23.8%) (Table II). The prevalence of parasitism was 
not different between the dry and rainy seasons (Table III). 
Nematode richness was not significantly different (F1.108 = 0.15; 
P = 0.629) between male (1.6 ± 1.0) and female (1.5 ± 0.9) lizards. 
Intensity of infection by O. chabaudi, P. lutzi, and overall 
parasitism were significantly higher in males than in females 
(Table II). Intensity of infection had a tendency to be higher during 
the dry season for all nematode species but was not always 
statistically different (Table III). Only overall intensity of infection 
was significantly different between the dry and rainy season, 
reaching the highest values during the dry season (Table III). The 
intensity of infection was positively and significantly related to 
lizard weight and body size for all nematode species and for overall 
parasitism (Table IV). All nematode species tended to have an 
aggregated distribution pattern in the host population, with O. 
chabaudi (0.81) exhibiting the highest level of contagion followed 
by Pa. bainae (0.66) and P. lutzi (0.64) (Table I). 
TABLE II. Prevalence (Prev, in %) and mean intensity of infection (±1 SD; range) for overall and each helminth species associated with adult males and 
females of Tropidurus torquatus from a rocky outcrop area in Toledos, Juiz de Fora, Brazil; followed by statistical test values. 
Males (n = 35) Females (n = 63) Statistics· 
Helminth species Prev (%) Mean intensity Prev (%) Mean intensity Prev Mean intensity 
Physaloptera lutzi 65.7 6.2 ± 5.2 (1-20) 74.6 4.3 ± 4.7 (1-21) t = 0.90 P = 0.37 U = 377.0 P = 0.03 
Parapharyngodon bainae 57.1 5.6 ± 4.3 (1-15) 71.4 4.5 ± 4.7 (1-29) t = 1.43 P = 0.15 U = 363.5 P = 0.21 
Oswaldofilaria chabaudi 45.7 4.1 ± 3.1 (1-12) 23.8 2.2 ± 1.0 (1-4) t = -2.27 P = 0.02 F\,29 = 5.1 P = 0.02 
Overall 82.8 ILl ± 7.7 (1-31) 92.0 7.3 ± 6.3 (1-30) t = 1.38 P = 0.17 U = 589.5 P = 0.02 
• t = t-test; U = Mann-Whitney; F = ANOYA; P = significance values; n = number of hosts sampled. 
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TABLE III. Prevalence (Prev, in %) and mean intensity of infection (±1 SD; range) for overall and each helminth species associated with Tropidurus 
torquatus from a rocky outcrop area in Toledos, Juiz de Fora, Brazil during the dry and rainy seasons; followed by statistical test values. 
Dry season (n = 45) Rainy season (n = 65) Statistics· 
Helminth species Prev (%) Mean intensity (range) Prev (%) Mean intensity (range) Prev Mean intensity 
Physaloptera lutzi 73.3 4.9 ± 4.3 (1-17) 63.1 4.8 ± 5.2 (1-21) t = 5.42 P = 0.25 U = 614.5 P = 0.49 
Parapharyngodon 
bainae 57.8 5.7 ± 5.8 (1-29) 61.5 4.2 ± 3.6 (1-29) t = 0.55 P = 0.69 U = 428.0 P = 0.22 
Oswaldofilaria 
chabaudi 31.1 3.1 ± 3.0 (1-12) 27.7 3.1 ± 2.1 (1-8) t = 1.50 P = 0.53 F 1,30 = 0.2 P = 0.65 
Overall 80.0 9.8 ± 6.9 (1-30) 86.0 7.1 ± 6.8 (1-31) t = 2.28 P = 0.39 U = 747.0 P = 0.03 
• ( = (-test; U = Mann-Whitney; F = ANOVA; P = significance values; n = number of hosts sampled. 
Rock fragments were found in great numbers and frequency in 
the lizards' digestive tracts. 
DISCUSSION 
The nematodes were highly prevalent in the Tropidurus torquatus 
population. This pattern seems to be common among tropidurid 
hosts (Prieto, 1980; Van Sluys et aI., 1994; Roca, 1997; Van Sluys 
et ai., 1997; Ribas et aI., 1998; Vrcibradic et ai., 2000; Fontes et ai., 
2003; Kiefer, 2003). Studies carried out in rocky outcrop areas 
indicate a tendency of tropidurids to have low parasite species 
richness (Prieto, 1980; Van Sluys et ai., 1994; Roca, 1997; Van Sluys 
et ai., 1997), similar to the general pattern observed in other 
reptilian hosts (Aho, 1990). However, 2 studies carried out in marsh 
areas reported elevated parasite species richness in T. torquatus, 
e.g., Vrcibradic et al. (2000) reported II helminth species and 
Kiefer (2003) a maximum of 10 helminth species. However, rocky 
outcrops and marshlands are very different habitats. This observa-
tion demonstrates that the environmental characteristics may play 
an important role in the species richness of helminth communities. 
Among nematodes that infect T. torquatus and other tropidur-
ids, P. lutzi and Parapharyngodon spp. are frequent (e.g., Roca, 
1997; Van Sluys et ai., 1997; Ribas et aI., 1998; Vrcibradic et ai., 
1999, 2000, 2002; Fontes et aI., 2003; Kiefer, 2003). Only I 
Oswaldofilaria Travassos, 1933 species, Oswaldofilaria petersi 
Bain and Sulahian, 1974 (Filarioidea: Onchocercidae), has been 
reported infecting a tropidurid, Tropidurus hispidus (Spix, 1825) 
(Silva and Kohlsdorf, 2003). 
Physaloptera lutzi and Pa. bainae were the most prevalent 
species. This finding is probably related to the transmission pattern 
for each of the nematode species. Physaloptera lutzi probably uses 
coleopterans and ants as intermediate hosts (Goldberg and Bursey, 
1989; Anderson, 2000), which compose an important part of the T. 
torquatus diet (Rocha and Bergallo, 1994). Parapharyngodon bainae 
is probably a monoxenic nematode (Anderson, 2000), not requiring 
an intermediate host. Recruitment of Pa. bainae likely occurs 
during feeding, when the lizard accidentally ingests parasite eggs 
present in the environment along with its prey and soil fragments. 
Ribas et ai. (1998), however, suggest that the recruitment of 
monoxenic parasites in T. torquatus requires a paratenic host 
because this lizard does not employ tongue-flicking behavior. Thus, 
the high consumption of arthropods (mainly ants) could influence 
Pa. bainae recruitment in a manner similar to P. lutzi. It is likely 
that 0. chabaudi requires a dipteran vector as an intermediate host 
(Anderson and Bain, 1976; Anderson, 2000), making its infectivity 
a little more difficult. 
The primary site of infection and the morphological features of 
each nematode species were different, suggesting different kinds 
of host exploitation and an absence of potential direct interac-
tions among these species. This scenario is not unusual, as 
depauperate and non-interactive parasite infracommunities are 
typical in reptilian hosts (Aho, 1990). 
The prevalence of 0. chabaudi was significantly higher in male 
than in female lizards. Males of T. torquatus are territorialists; they 
typically live alone and exhibit low dispersal tendencies (Pinto 
et aI., 2005; Van Sluys et aI., 2010). In contrast, females occur in 
groups and are more widely dispersed in their habitats (Pinto et ai., 
2005; Van Sluys et ai., 2010). In the case of O. chabaudi, which is 
transmitted by mosquitoes, the probability of a single male being 
bitten by a vector is high because he occurs alone. Females that live 
in groups have less probability of being bitten because the number 
of lizards in the same place reduces the individual probability of 
being bitten. This is analogous to schools of fish, where the effects 
of predation are diluted by the number of fish in the group while a 
solitary individual has more chance to be preyed upon (Krkosek 
et aI., 2011). This mechanism is known as the dilution effect (Krebs 
and Davies, 1996) and may be responsible for the differences in 
prevalence of 0. chabaudi between male and female lizards. 
TABLE IV. Regression analysis between host weight (g) and SVL (mm) and intensity of infection (log transformed) for overall and each helminth species 
associated with Tropidurus torquatus from a rocky outcrop area in Toledos, Juiz de Fora, Brazil.* 
SVL (mm) X intensity (log) Weight (g) X intensity (log) 
Helminth species ? P n r2 P n 
Physaloptera lutzi 0.20 <0.001 74 0.18 <0.001 74 
Parapharyngodon bainae 0.17 <0.001 66 0.19 <0.001 66 
Oswaldofilaria chabaudi 0.29 0.001 32 0.25 0.004 32 
Overall 0.29 <0.001 92 0.26 <0.001 92 
• r = coefficient of determination; P = significance; n = number of hosts. 
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Adult males and females of T. torquatus exhibit similar habitat 
use and feeding habits (Teixeira and Giovanelli, 1999), which may 
explain the lack of prevalence variation of P. lutzi and Pa. bainae 
between host sexes. This may also explain the absence of 
differences in parasite richness between males and females. 
The intensity of infection for 0. chabaudi and P. lutzi, as well as 
the overall parasitism, was significantly higher in male hosts; this 
may be due to lizard body size. Males are larger, have higher 
energy demands, and consume more potential intermediate 
hosts (Aho, 1990; Krebs and Davies, 1996; Ribas et aI., 1998). 
Furthermore, they provide more space and energy resources for 
parasite development, as is suggested by the theory of island 
biogeography (Ribas et aI., 1998; MacArthur and Wilson, 2001). 
Intensity of infection for Pa. bainae is linked to the number of 
eggs ingested by the host. The lack of variation in Pa. bainae 
intensity of infection between male and female lizards can be 
explained because both sexes have the same feeding habits and use 
the same kind of habitat (Teixeira and Giovanelli, 1999). 
The intensity of infection for overall parasitism was signifi-
cantly higher in the dry season. In the rainy season, the stomachs 
of several lizards were found to contain flowers of Clitoria spp., 
which belong to the Leguminosae (Fabaceae) family. In the dry 
season, plant matter was not found. Leguminosae species 
commonly have tannins in their composition, which is a chemical 
substance that has anthelmintic activity (Bate-Smith, 1973; 
Handayani and Gatenby, 1988; Silva et aI., 2008). If Clitoria 
spp. flowers possess these chemical substances, their presence 
during the rainy season in the lizard diet may contribute to a 
reduction in the intensity of parasitism. 
When the intensity of infection for each nematode species was 
seasonally compared, seasonality was shown to have a low impact 
on the intensity of infection for P. lutzi and O. chabaudi, whereas 
for Pa. bainae the intensity was more variable between the wet 
and dry seasons. The small effect of seasonal variation on the 
intensity of P. lutzi and o. chabaudi may be due to the absence of 
fluctuation in the population of its intermediate hosts during the 
year. In contrast, the higher seasonal variation in intensity for Pa. 
bainae may be influenced by the higher precipitation in the rainy 
season. During intense rain periods, the water may easily wash 
Pa. bainae eggs from the soil surface, reducing its intensity of 
infection in the lizards. However, these propositions must be 
verified. 
With the increase of host body size, more space and other 
resources are available for parasite colonization (Ribas et aI., 
1998; MacArthur and Wilson, 2001). Furthermore, large hosts are 
older, with more time and probability of exposure to a parasite 
infection (Aho, 1990). This may explain the positive relationship 
between T. torquatus body size and its overall nematode fauna. 
The nematodes appear not to cause severe damage to the host 
organism because the intensity of infection correlates positively 
with host body weight, indicating no weight loss due to the 
parasite load. 
Many parasites tend to be aggregated in their host populations 
(Begon et aI., 2006; Poulin, 1993). This pattern was observed in 
the present study. The measure of aggregation level using the 
index of discrepancy correlates negatively with both prevalence 
and mean intensity of infection (Poulin, 1993). Thus, O. chabaudi 
was the most aggregated parasite, followed by Pa. bainae and 
then by P. lutzi. The negative correlation between the index of 
discrepancy and mean intensity of infection may be a strategy of 
the parasite to mitigate the damage to the host on an individual 
basis. 
During the analysis, females of P. lutzi were observed 
throughout the digestive tract, including the end of large intestine. 
This distribution has also been observed in other studies (Prieto, 
1980; Vrcibradic et aI., 2000; Fontes et aI., 2003; Kiefer, 2003). 
The females were observed strongly attached to the mucosa in the 
terminal portion of the large intestine with a uterus full of eggs. 
Maybe this kind of parasite "behavior" can be a strategy to 
maximize the elimination of P. lutzi eggs on host feces, increasing 
the success of its life cycle. 
The component community of parasites associated with T. 
torquatus in the present study was depauperate, non-interactive, 
and species poor. This is a typical pattern observed in parasite 
communities of reptilian hosts (Aho, 1990). The host diet, 
foraging mode, habitat use, and some differences in the territorial 
behavior of male and female lizards appear to be the main factors 
influencing the structure of their parasite infracommunities. 
Seasonality influences parasite recruitment rates but has a minor 
impact on the parasite community structure as a whole. How-
ever, to draw further conclusions, more detailed studies of the 
environment and of the host diet and behavior will be needed. 
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HELMINTH COMMUNITY COMPOSITION, STRUCTURE, AND PATTERN IN SIX DOVE 
SPECIES (COLUMBIFORMES: COLUMBIDAE) OF SOUTH TEXAS 
Autumn J. Smith* and Alan M. Fedynich 
Caesar Kleberg Wildlife Research Institute, Texas A&M University~Kingsville, 700 University Blvd., MSC 218, Kingsville, Texas 78363. 
e-mail: ajs029@shsu,edu 
ABSTRACT: The helminth community composition and structure of 6 species of columbids residing in south Texas are reported and 
compared herein, Sixty individuals of the following species, rock pigeons (Columba livia [RP]), mourning doves (Zenaida macroura 
[MD]), Eurasian collared-doves (Streptopelia decaocto [ECD]), white-winged doves (Zenaida asiatica [WWD]), and common ground 
doves (Columbina passerina [COD]), and 48 Inca doves (Columbina inca [ID]) were collected during the summer of 2006 and examined 
for helminths, Twelve helminth species were found (9 nematodes and 3 cestodes), representing 486 individuals, Nematodes numerically 
dominated the component community in all host species, Overall, helminth prevalence was similar among host sex within all dove 
species, However, prevalence of Skrjabinia bonini and Hymenolepis sp, in RPs was significantly different among host age groups (P = 
0,01, P = 0,0002, respectively), Likewise, prevalence of Killigrewia delafondi was higher (P = 0,0001) in adult WWDs, Based on percent 
similarity and Jaccard's coefficient of community indices, helminth component communities were dissimilar, and the number of shared 
helminth species varied among host species, Data from this study suggest that the environment surrounding preferred host habitat and 
foraging strategies of each host species is the driving force behind helminth component communities, This study emphasizes the 
importance of examining co-occurring hosts at both local and regional scales to elucidate helminth community structure and patterns, 
Columbids are versatile; they have near-worldwide distribu-
tions, occupy variable geographical ranges, exist in diverse habitat 
types, and are capable of coexistence with other dove species, 
Component community studies have often focused on single 
columbid species (e,g" Glass et aI., 2002; Lee et ai., 2004), whereas 
fewer studies have examined the influence of co-occurring 
host species (Conti and Forrester, 1981; Fedynich et aI., 1997; 
Forrester and Spalding, 2003), Examination of multiple phyloge-
netically related co-occurring hosts may provide insight into the 
ways in which host communities influence helminth community 
structure and patterns, 
Two fundamental approaches have been used to evaluate the 
roles of phylogeny and ecology as determinates of host-parasite 
associations, The first operates under the assumption of host-
parasite specialization as the result of close evolutionary 
association (Johnson and Clayton, 2004), Here, host and parasite 
phylogenies should remain in complete congruence, where 
speciation in the host lineage results in speciation of the parasite 
lineage (cospeciation), with the opportunity of reduced congru-
ence as the result of ecological factors (Johnson and Clayton, 
2004; Brooks et aI., 2006), The second examines incongruence in 
host-parasite phylogenies as the result of processes other than 
co speciation, such as ecological, physiological, and/or immuno-
logical factors (Brooks, 1979), Brooks et al. (2006) communicates 
the need to redirect analysis of these associations in terms of 
"traits rather than taxonomy," such that assemblages might be 
shaped by the distribution of phylogenetically conserved traits 
(i.e" "ecological fitting"; Janzen, 1985), 
Although hosts utilized in this study are phylogenetically 
related, a habitat utilization gradient exists (Appendix A) among, 
and within, species, facilitating assumptions pertaining to host-
parasite associations among taxa, If similar helminth species are 
discovered to parasitize closely related columbid taxa, that will 
be evidence for cospeciation. However, if helminth assemblages 
are similar among host species in geographically close/ecologically 
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similar habitats, that will suggest that ecology influences infection 
patterns (ecological fitting). 
Appendix A includes a brief overview outlining the patterns of 
distribution, habitat range, feeding habits, and foraging behavior 
for each host species examined. Nested within the host community 
utilized in this study, there are suites of characteristics unique to 
previous studies of helminth community composition and struc-
ture. First, 2 sets of congeners are presented in this study, i.e., the 
Inca dove (Columbina inca [ID]) and common ground dove 
(Columbina passerina [CGD]), and the mourning dove (Zenaida 
macroura [MD]) and white-winged dove (Zenaida asiatica 
[WWD]), facilitating the comparison of helminth communities 
along the gradient of relatedness (cospeciation). Second, 4 species 
are native to the New World (MD, WWD, CGD, and ID), while 2 
are exotic, i.e., Eurasian collared-dove (Streptopelia decaocto 
[ECD]) and rock pigeon (Columba livia [RP]). Third, within the 
exotic subset of hosts (RP and ECD), a temporal scale occurs, 
facilitating time-wise comparisons of helminth community and 
structure. The RP was introduced into the New World in the early 
seventeenth century (Johnston, 1992), while the ECD is a more 
recent introduction (ca. 1972). 
MATERIALS AND METHODS 
Study area 
Columbids were collected from Kleberg, Jim Wells, Brooks, and 
Kenedy Counties in south Texas, better known as the south Texas Coastal 
Plains. This area is dominated by drought-tolerant shrubs and small trees. 
Several plant communities are represented in this region, and they have 
been described in detail by Weakley (2000), Plant communities included in 
this region are upland grasslands, live oak savannas, upland mesquite 
savannas, and blackbrush xerophytic brush. The south Texas study 
area was chosen to facilitate analyses of helminth communities within a 
community of doves that co-occur regionally. The counties represented by 
this study area encompass several habitat types that are utilized by all 
6 columbid species, including urban (residential), suburban, and rural 
(semiarid brushlands and agricultural) areas. 
Host collection 
Sixty individuals of the following species, RP, MD, ECD, WWD, and 
COD, and 48 ID were collected by shotgun, pellet gun, and trapping 
(urban areas where firearm collection was prohibited) during the summer 
of 2006 from both nesting/roosting and foraging habitats. An equal 
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sample size of adults, juveniles, males, and females was attempted to 
facilitate analyses. Hosts were aged and sexed in the field prior to shooting 
utilizing characteristics unique to each host species. Each dove was labeled 
by host ID number, location, species, gender, and age. Doves were 
either transported directly to Caesar Kleberg Wildlife Research Institute's 
Buddy Temple Wildlife Pathology and Diagnostic Building for necropsy 
or individually transferred to quart-sized freezer bags and placed in a 
cooler containing a mixture of dry ice and ethanol for the purpose of fast-
freezing (Glass et aI., 2002). Host species were collected in accordance with 
established permits issued by the Texas Parks and Wildlife Department 
and the U.S. Fish and Wildlife Service, and approved by the Texas A&M 
University-Kingsville Institutional Animal Care and Use Committee. 
Helminth collection, processing, and identification 
If frozen, columbids were thawed at room temperature or by running 
warm water over the freezer bag containing the carcasses. Once thawed, 
each bird was divided into carcass and viscera. The following microhab-
itats were examined under a dissecting microscope (X9-40): eye surface 
and nictating membrane, nasal cavity, nasal sinus, suborbital sinus, and 
brain. The viscera were divided into the following microhabitats: trachea, 
lungs, heart, kidney, liver, esophagus, proventriculus, gizzard, gall 
bladder, pancreas, spleen, intestine (divided into duodenum, jejunum, 
and ileum), cloaca, female reproductive tract, mesenteric veins, bursa 
(when present), and miscellaneous wash (rinse from the freezer bag). 
Nematodes were fixed in glacial acetic acid and stored in 70% ethanol 
and 8% glycerin. Cestodes were heat relaxed by flaming or fixed in acetic 
acid-formalin-ethanol (AF A) and stored in 70% ethanol. Representative 
cestodes were stained using Semichon's acid carmine or Harris' 
hematoxylin and eosin and mounted with Damar Balsam (Damar xylene) 
for identification. Identification of cestodes followed the taxonomic key 
of Schmidt (1986) and original species descriptions. Identification of 
nematodes followed original descriptions. Once identified, specimens of 
each helminth species were quantified. Representative specimens were 
deposited into the Harold W. Manter Parasite Collection, University of 
Nebraska State Museum, Lincoln, Nebraska (accession numbers P-2008-
878-48958 to P-220-878-48958). 
Statistical analyses 
Definitions of parasitological terms follow that of Bush et al. (1997). 
Common, intermediate, and rare helminth species are arbitrarily defined 
as those that occurred in >75, 25-75, and <25% of hosts sampled, 
respectively. A chi-square test (SAS Institute, Inc., 1990) was used to 
analyze the prevalence of common and intermediate species between host 
species, and within host species, by host age and gender. Abundance data 
were rank-transformed prior to parametric statistical analysis (Conover 
and Iman, 1981). Rank abundance values were examined for the main 
(species, age, and gender) and interaction effect variables with the general 
linear model (GLM) of analysis of variance (ANOVA; SAS Institute, Inc., 
1990). For significant ANOVA models, multiple comparisons of main 
effects variables 2: 3 were made using Tukey's studentized range test 
(Cochran and Cox, 1957). Least squares mean procedure was used to 
assess significant interaction effects (LSM; SAS Institute, Inc., 1990). All 
tests were considered significant at P :5 0.05. Descriptive summary 
statistics of raw data are presented as the mean ± I standard error (SE). 
Three measures of community were utilized-the percent similarity 
index (PSi; Krebs, 1989) was used to compare proportions of helminth 
species between host component communities; the Jaccard's index (Ji; 
Jaccard, 1912; Magurran, 1988) evaluated the similarity of shared species 
between host species; and the numerical dominance index (Di; Leong and 
Holmes, 1981) was used to assess numerical dominance relationships of 
helminth species (by dividing the total abundance of each helminth taxa by 
the total abundance of all helminths in the host species, and multiplying 
the quotient by 100). 
RESULTS 
General 
Twelve species of helminths (9 nematodes and 3 cestodes) were 
identified from the 248 columbids examined, representing 486 
helminth individuals (Table I), Tables I, II, and III present 
helminth prevalence, intensity, and abundance values for each 
host species examined. Helminths occurred in 6 microhabitats 
(proventriculus, jejunum, duodenum, ileum, heart, and liver), of 
which the jejunum was the most commonly occupied. Nematodes 
numerically dominated the component community in all host 
species (Table I). 
Infracommunity and component community overview by 
host species 
Rock pigeon: Sixty percent of 60 RPs were infected with 
helminths, representing 5 species (2 nematodes and 3 cestodes); 
193 helminth individuals were found, averaging 3.2 ± 1.4 helminth 
individuals per host individual. Nematodes dominated numerically 
(60% of total helminths), followed by cestodes (40%), The intestine 
was the most commonly occupied microhabitat. However, the 
proventriculus was occupied with 2 nematode species (Tetrameres 
sp, and Dispharynx nasuta) in I host individual, and I nematode 
species (T. americana) in another host individual. All other 
microhabitats were unoccupied (Table I). The distribution patterns 
of infracommunity species richness ranged from I to 3 species per 
infected host. Nematodes were not found in the intestine of this 
host. The 2 nematode species identified, D. nasuta and T. 
americana, are site specific to the proventriculus. 
One cestode, Hymenolepis sp., was the most prevalent helminth 
species, which occurred in 30% of RPs examined and accounted 
for 27% of all helminth individuals in this host. The remaining 
species were rare and contributed minimally to the component 
community. Prevalence of Hymenolepis sp, was higher (P = 
0.0003) in adults than juveniles (49% and 4%, respectively); 
however, there was no difference (P = 0.69) between males and 
females (32% and 28%, respectively). Likewise, prevalence of 
Skrjabinia bonini was higher (P = 0.01) in adults than juveniles 
(26% and 0%, respectively); however, there was no difference (P 
= 0.54) between males and females (10% and 19%, respectively). 
Rank abundance of Hymenolepis sp. was lower (P = 0.0003) 
in juveniles, compared to adults. However, rank abundance was 
similar (P = 0.6) with respect to host gender. Prevalence and 
abundance values for the remaining helminth species identified 
from this host were too low to make comparisons by host age or 
gender. 
Eurasian collared-dove: Twenty-seven percent of 60 ECDs 
were infected; 3 species (1 nematode and 2 cestodes) were found. 
Thirty helminth individuals were recovered, averaging 0.5 ± 0.1 
helminth individuals per infected host. Nematodes dominated 
numerically (87% of total helminths), followed by cestodes (13%). 
The intestine was the only occupied microhabitat. 
Ascaridia columbae was the most prevalent helminth species, 
which occurred in 20% of ECDs examined, and this species 
accounted for 87% of all helminth individuals at the component 
community level (Tables I, III). The remaining species were 
rare and contributed minimally to the component community. 
Prevalence and abundance values for the remaining helminth 
species identified from this host were too low to make 
comparisons by host age or gender. 
Mourning dove: Examination of 60 MDs revealed 37% were 
infected, and 6 species of helminths (4 nematodes and 2 cestodes) 
were found; 37 helminth individuals were present, averaging 
0.6 ± 0.1 helminth individuals per host. Nematode and cestode 
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TABLE I. Helminth prevalence values from south Texas columbids (summer 2006). 
Helminth species Location* RP (N = 60) MD (N = 60) WWD (N = 60) ECD (N = 60) CGD (N = 60) ID (N = 48) 
Nematoda 
Ascaridia columbae D, J, I 0 0 5/8.0% 12/20.0% 6110.0% 2/4.2% 
Splendidofilaria wehri L 0 0 0 0 2/3.0% 0 
Tetrameres sp. P 2/3.0% 0 0 0 0 0 
Dispharynx nasuta P 112.0% 0 112.0% 0 0 0 
Ornithostrongylus minutus D, J, I, DW 0 0 3/5.0% 0 18/30.0% 0 
Ornithostrongylus quadriradiatus D, J, I, DW 0 3/5.0% 2/3.0% 0 3/5.0% 0 
Ornithostrongylus sp. D, J, I, DW 0 5/8.0% 0 0 2/3.0% 0 
Oswaldostrongylus sp. D, J, I, DW 0 2/3.0% 3/5.0% 0 3/5.0% 0 
Aproctella stoddardi H 0 112.0% 0 0 3/5.0% 0 
Cestoda 
Killigrewia dela/ondi D,J 3/5.0% 8/13.0% 12120.0% 3/5.0% 7112.0% 0 
Skrjabinia bonini D,J 9115.0% 0 112.0% 0 112.0% 0 
Hymenolepis sp. D, J, I, DW 18/30.0% 518.0% 0 112.0% 7/12.0% 0 
RP = rock pigeon, MD = mourning dove, WWD = white-winged dove, ECD = Eurasian collared-dove, CGD = common ground dove, and ID = Inca dove. 
• DW = decantation wash; D = duodenum; J = jejunum; I = ileum; H = heart; P = proventriculus; L = liver. 
infections were comparable (51% and 49%, respectively). The 
intestine was the most commonly occupied microhabitat. 
However, the heart was occupied with I nematode species 
(Aproctella stoddardi) in 1 host individual. All other microhabitats 
were unoccupied. Oswaldostrongylus sp. is a new host record. 
The cestode Killigrewia delafondi was the most prevalent 
helminth species; it occurred in 13% of MDs examined, 
accounting for 27% of all helminth individuals at the component 
community level (Tables I, III). The remaining species were rare 
«8% prevalence) and contributed minimally to the component 
community. Prevalence and abundance values for the remaining 
helminth species were too low to make comparisons by host age 
or gender. 
White-winged dove: Examination of 60 WWDs revealed 37% 
were infected; 7 helminth species (5 nematodes and 2 cestodes) were 
found; 62 helminth individuals were present, averaging 1.0 ± 0.3 
helminth individuals per host. Nematodes dominated numerically 
(65% of total helminths), followed by cestodes (36%). The intestine 
was the most commonly occupied microhabitat, whereas the 
proventriculus was occupied with 1 nematode species, D. nasuta, in 
1 host individual. All other microhabitats were without parasites. 
Oswaldostrongylus sp. and S. bonini are new host records. 
Though rare, the cestode K delafondi was the most prevalent 
helminth species, which occurred in 20% of WWDs examined and 
accounted for 44% of all helminth individuals at the component 
community level (Tables I, III). The remaining species were also rare 
and contributed minimally to the component community. Preva-
lence of K delafondi was higher (P = 0.0001) in adults than juveniles 
(40% and 0%, respectively); however, there was no difference (P = 
0.30) between males and females (26% and 15%, respectively). 
Prevalence and abundance values for all other helminth species were 
too low to make comparisons by host age or gender. 
Common ground dove: Examination of 60 CaDs revealed 60% 
were infected; 10 species of helminths (7 nematode and 3 cestode) 
TABLE II. Helminth intensity values (mean ± standard error followed by the range in parentheses) from south Texas columbids (summer 2006). 
Helminth species RP (N = 60) MD (N = 60) WWD (N = 60) ECD (N = 60) CGD (N = 60) ID (N = 48) 
Nematoda 
Ascaridia columbae 2.4 ± 0.8 (1-5) 2.2 ± 0.5 (1-6) 4.3 ± 1.3 (1-10) 3.5 ± 2.5 (1-6) 
Splendidofilaria wehri 3.0 ± 1.0 (2-4) 
Tetrameres sp. 53.0 ± 21.5 (32-75) 
Dispharynx nasuta 9 (9) 5 (5) 
Ornithostrongylus minutus 2.3 ± 1.3 (1-5) 4.8 ± 1.3 (1-22) 
Ornithostrongylus 
quadriradiatus 2.0 ± 0.6 (1-3) 2.5 ± 1.5 (1-4) 2.0 ± I (1-4) 
Ornithostrongylus sp. 1.4 ± 0.4 (1-3) I (I) 
Oswaldostrongylus sp. 2 (2) 3.7 ± 0.7 (3-5) 1.3 ± 0.3 (1-2) 
Aproctella stoddardi 2 (2) 2 (2) 
Cestoda 
Killigrewia dela/ondi 1 (1) 1.3 ± 0.2 (1-2) 1.8 ± 0.5 (1-6) I (1) 1.1 ± 0.1 (1-2) 
Skrjabinia bonini 2.4 ± 0.7 (1-7) 1 (1) 1 (I) 
Hymenolepis sp. 2.8 ± 0.4 (1-9) 1.6 ± 0.2 (1-2) 1 (I) 1.4± 0.3 (1-3) 
RP = rock pigeon, MD = mourning dove, WWD = white-winged dove, ECD = Eurasian collared-dove, CGD = common ground dove, and ID = Inca dove. 
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TABLE III. Helminth abundance values (mean ± standard error followed by total helminths in parentheses) from south Texas columbids (summer 2006). 
Helminth species RP (N = 60) MD 9 (N = 60) WWD (N = 60) ECD (N = 60) CGD (N = 60) ID (N = 48) 
Nematoda 
Ascaridia columbae 0.2 ± 0.1 (12) 0.4 ± 0.1 (26) 0.4 ± 0.2 (26) 0.1 ± 0.1 (7) 
Splendidofilaria wehri 0.1 ± 0.1 (6) 
Tetrameres sp. 1.7 ± 1.4 (107) 
Dispharynx nasuta 0.2 ± 0.2 (9) 0.1 ± 0.1 (5) 
Ornithostrongylus minutus 0.1 ± 0.1 (7) 1. 4 ± 0.5 (88) 
Ornithostrongylus quadriradiatus 0.1 ± 0.1 (6) 0.1 ± 0.1 (5) 0.1 ± 0.1 (6) 
Ornithostrongylus sp. 0.1 ± 0.1 (7) <0.1 ± <0.1 (2) 
Oswaldostrongylus sp. 0.1 ± 0.1 (4) 0.2 ± 0.1 (11) 0.1 ± <0.1 (4) 
Aproctella stoddardi <0.1 ± <0.1 (2) 0.1 ± 0.1 (6) 
Cestoda 
Killigrewia delafondi 0.1 ± <0.1 (3) 0.2 ± 0.1 (10) 0.4 ± 0.1 (21) 0.1 ± <0.1 (3) 0.1 ± 01 (8) 
Skrjabinia bonini 0.4 ± 0.2 (22) <0.1 ± <0.1 (1) <0.1 ± <0.1 (1) 
Hymenolepis sp. 0.7 ± 0.2 (52) 0.1 ± 0.1 (8) <0.1 ± 0.1 (1) 0.2 ± 0.1 (10) 
RP = rock pigeon, MD = mourning dove, WWD = white-winged dove, ECD = Eurasian collared-dove, CGD = common ground dove, and ID = Inca dove. 
were found; 157 helminth individuals were found and averaged 
2.6 ± 0.5 helminth individuals per host. Nematodes dominated 
numerically (88% of total helminths), followed by cestodes (12%). 
The intestine was the most commonly occupied microhabitat. 
The heart and liver were occupied with 1 species of nematode 
each (Skrjabinia wehri and A. stoddardi, respectively). All other 
microhabitats were unoccupied. Ascaridia columbae, S. wehri, 
Ornithostrongylus minutus, Oswaldostrongylus sp., K delafondi, 
and S. bonini are new host records. 
Ornithostrongylus minutus was the most prevalent species, 
which occurred in 30% of common ground doves examined and 
accounted for 56% of all helminth individuals at the component 
community level (Tables I, III). The remaining species were 
rare and contributed minimally to the component community. 
Prevalence and abundance values for all other helminth species 
identified from this host were too low to make comparisons by 
host age or gender. 
Inca dove: Ascaridia columbae was the only species found, and 
it occurred exclusively in the jejunum. This species was rare, 
occurring in 4% of the birds (Tables I, III) and had a mean 
abundance of 0.2 ± 0.1. Infection only occurred in adults, with 
males and females infected equally (2% each). Ascaridia columbae 
is a new host record. 
Helminth community analyse~ 
Based on PSi and Ji. helminth component communities were 
dissimilar, and the number of shared helminth species varied 
among host species (Table IV). Helminth component communi-
ties among hosts differed in several unique ways. First, the 2 
exotic hosts (RP and ECD) had strong dissimilarities (PSi = 5, 
Ji = 3). Second, ID and RP, which are both urban-dwelling 
species (but forage in different habitat types), were completely 
dissimilar (PSi = 0, Ji = 0). Third, ID was completely dissimilar 
(PSi = 0, Ji = 0) to urban- and rural-feeding dove species (MD 
and CGD). Finally, 3 urban/rural species, MD, CGD, and WWD, 
had the most similarities within their helminth communities (MD 
and WWD 46%; WWD and CGD 41 %) based on PSi (Table IV). 
The communities that displayed the highest PSi were those that 
shared the same cestode species. 
Table V presents Di values generated for all helminth species 
collected from all 6 host species. The nematode T. americana 
numerically dominated (56%) the RP helminth community. 
However, this was due to high intensity of infection in 2 hosts. 
The cestode, Hymenolepis sp. had a Di value of 27% and was more 
evenly distributed among RPs. The nematode A. columbae 
numerically dominated (87%) the ECD helminth community. 
Two cestode species with a combined Di value of 13% comprised 
the rest of the helminth community. The MD helminth community 
was numerically dominated by the cestode K delafondi (27%). 
Cestode and nematode species were evenly distributed within this 
helminth community (49% and 51%, respectively). Although 
nematodes numerically dominated as a group within the WWD 
helminth community (65%), the cestode K delafondi individually 
dominated (34%). Nematodes dominated the CGD helminth 
TABLE IV. Helminth community analysis by columbid species using percent similarity index (PSi) and Jaccard's index (Ji, in parentheses) in south Texas 
columbids (summer 2006). 
Dove species ECD (N = 60) MD (N = 60) WWD(N = 60) ID (N = 48) CGD (N = 60) 
RP 5* (3t) 24 (22) 9 (33) 0(0) 9 (25) 
ECD 13 (29) 29 (25) 7 (33) 26 (30) 
MD 46 (30) 0(0) 24 (60) 
WWD 19 (14) 41 (51) 
ID 0(0) 
RP = rock pigeon, MD = mourning dove, WWD = white-winged dove, ECD = Eurasian collared-dove, CGD = common ground dove, and ID = Inca dove. 
* Values for PSi range from 0 to 100, where 0 = completely dissimilar communities, and 100 = completely similar communities. 
t Values for J; range from 0 to 100, where 0 = completely dissimilar communities, and 100 = completely similar communities. 
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TABLE V. The numerical dominance index (Di) values generated for helminth species from south Texas columbids (summer 2006). 
Helminth species RP (N = 60) MD (N = 60) WWD(N = 60) ECD (N = 60) CGD (N = 60) ID (N = 48) 
Ascaridia columbae 0 0 19.4 86.7 16.6 100.0 
Splendidofilaria wehri 0 0 0 0 3.8 0 
Tetrameres sp. 55.4 0 0 0 0 0 
Dispharynx nasuta 4.7 0 8.1 0 0 0 
Ornithostrongylus minutus 0 0 11.3 0 56.1 0 
Ornithostrongylus quadriradiatus 0 16.2 8.1 0 3.8 0 
Ornithostrongylus sp. 0 18.9 0 0 1.3 0 
Oswaldostrongylus sp. 0 10.8 17.7 0 2.5 0 
Aproctella stoddardi 0 5.4 0 0 3.8 0 
Killigrewia dela/ondi 1.6 27.0 33.9 10.0 5.1 0 
Skrjabinia bonini 11.3 0 1.6 0 0.6 0 
Hymenolepis sp. 26.9 21.6 0 3.3 6.4 0 
RP = rock pigeon, MD = mourning dove, WWD = white-winged dove, ECD = Eurasian collared-dove, CGD = common ground dove, and ID = Inca dove. 
community (87%), with 0. minutus accounting for 56% of the 
helminth individuals (Table V). 
DISCUSSION 
Helminth community studies that focus on a single host species 
often ignore the potential influences of phylogenetically related 
co-occurring hosts. Consequently, interactions by hosts and their 
helminths are not fully understood. In the present study, helminth 
communities were simultaneously examined within a regionally 
co-occurring columbid community (hosts occurring across a 
spatial environmental gradient), with some species co-occurring 
locally. 
Helminth communities seemed to reflect habitat utilization 
and foraging site choice. An example of this can be seen when 
comparing the parasite communities from RPs in Old World and 
New World studies. Old world RPs (Tables BI, BII, BIll) are 
infected with component communities comparable to those of 
New World MDs and WWDs (Table V; Tables BI, BII, BIll). 
However, the RP population collected during this study reflects a 
parasite community suggestive of the local environment in which 
they forage/take grit. The local RP population in the Kingsville, 
Texas, area supplements foraging twice daily at a local cattle feed 
yard, thereby decreasing exposure probabilities to direct life-cycle 
nematodes (uninhabitable soil conditions) that could occur in 
other columbids foraging at natural feeding sites. However, RPs 
at the feed yard were exposed to and· consumed large quantities of 
various grain beetle species, as well as the juvenile face fly (Musca 
autumnalis) and increased their exposure probability to Hyme-
nolepis sp. infections (A. Smith, pers. obs.; Table I). Mourning 
doves and WWDs are habitat generalists, and so they are exposed 
to a wider array of direct life-cycle helminths and intermediate 
hosts (Table V). Mourning doves are well adapted to urban, 
suburban, and rural areas, giving them the widest foraging 
breadth of all hosts examined. However, most MDs examined in 
this study were collected from rural areas and often within similar 
habitats as the CGD and WWDs. In this case, our collection 
methods may, in part, be responsible for the observed helminth 
communities. Helminth communities collected from hosts residing 
in permanent environmental habitats (CGD is strictly rural, and 
10 is strictly urban) had predictable and completely dissimilar 
communities. However, helminth communities collected from 
hosts that co-occur along the environmental gradient (WWD, 
MD, ECD, and RP) had unpredictable and overlapping helminth 
communities (Tables I, IV). Future studies on such systems 
should include close evaluation of host habitat use, foraging 
strategies, and diet to aid in interpretation helminth communities. 
In all host species, component communities were dominated by 
"columbid" nematodes (Table V). Because columbids are ground 
gleaners, the numerical domination by direct life-cycle nematodes 
is apparent. Of the 9 nematode species taken from all host species, 
7 have direct life cycles. The exceptions, Tetrameres sp. and 
D. nasuta, infecting RP, use snails and isopods, respectively, as 
intermediate hosts, which likely are accidentally ingested. The 
prevalence, abundance, and numerical dominance of cestodes 
among most of the host species were relatively low, reflecting 
host foraging tendencies toward granivory. The prevalence of K. 
delafondi in WWD (20.0%) and MD (13.0%), and Hymenolepis 
sp. in RP (30.0%) may be explained, respectively, by each species' 
tendency to feed in areas where intermediate hosts are abundant 
(rural areas and cattle. feed lots). Two host species (RP and ECD) 
examined in this study were introduced into North America in the 
seventeenth century and ca. 1972, respectively. The RP has a 
longer evolutionary history with the environment (~400 yr) 
compared to that of ECD (~38 yr). Beca\lse ECD is the newest 
columbid to North America, and very few helminthological 
studies have been conducted on this species (Forrester and 
Spalding, 2003), further investigations are needed as the ECD 
expands its range across North America. Torchin et al. (2003) 
suggested that parasite component communities in introduced 
hosts are typically species poor for several reasons. First, for 
indirect life-cycle parasites, the proper invertebrate hosts required 
for transmission may be absent from the new habitat. Second, 
there may be insufficient numbers in a founding population to 
establish itself into the new habitat. Third, as parasites are lost 
upon host introduction, newly formed component communities 
may be gained via host switching from sympatric host species, 
but these do not, on average, compensate for parasites lost. The 
parasite communities of RPs and ECDs surveyed in this 
study reflect the suggestions proposed by Torchin et al. (2003). 
Helminthological surveys of RPs and ECDs art: rare in North 
America. However, it is clear that endemic helminth species are 
being acquired by these invasive hosts at a rate consistent with 
time spent in their new environment. Tables BI, BII, and BIll 
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allow for easy comparison of helminths reported from Old and 
New World introduced hosts. For example, 36 nematode species 
are currently reported from Old World and New World RP 
populations. Of these, 30 species are reported from Old World 
populations, 12 are reported from New World populations, and 6 
are shared (occur in both Old and New World RPs). Likewise, 
10 nematode species are currently reported from Old and New 
World ECD populations. Of these, 4 species are reported from 
Old World populations, and 6 are reported from New World 
populations, but there have been no reports of shared nematode 
species between Old and New World ECD populations. It is 
likely, however, that as ECD continues to establish permanent 
populations across North America, it will acquire native helminth 
species from local sympatric host species. 
In the present study, helminth communities were depauperate 
in terms of species richness (1-10 helminth species) and numbers 
of individuals (1-75), reflecting minimal exposure to both direct 
and indirect helminth infective stages within the environment, 
which is likely attributable to the hosts' granivorous diet. 
However, host species such as RP that exploit man-made foraging 
sites (cattle feed lots) substantially increased their exposure to 
cestodes that occurred at these sites, whereas IDs (which exploit 
urban birdfeeders) were infected with only A. columbae. We 
conclude that although hosts in this study co-occur regionally, 
there is sufficient ecological separation locally (likely in terms of 
both roosting/nesting sites and foraging habits) to ultimately 
result in differing helminth communities within these 6 closely 
related host species. 
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APPENDIX A-PATTERNS OF DISTRIBUTION, 
HABITAT RANGE, FEEDING HABITS, 
AND FORAGING BEHAVIOR FOR EACH HOST SPECIES 
(RP, MD, WWD, ECD, CGD, AND 10) EXAMINED 
Rock pigeon: The RP originated in Europe and was introduced 
into North America by early colonists in the seventeenth century. 
Now nearly cosmopolitan, the RP's habitat encompasses open and 
semi-open environments, including agricultural and urban areas 
(Johnston, 1992). In south Texas, this is a gregarious species that 
roosts/nests in urban to suburban areas but often exploits cattle feed 
yards and grain elevators. Numerous studies exist addressing the 
helminths of RPs residing in the Old World; however, few studies 
have been published for the New World populations (Appendix B). 
Mourning dove: The MD has an extensive New World 
geographical distribution ranging from South Canada and 
throughout North America. This is a rural, suburban, and urban 
species in which generalist behavior has allowed it to exploit 
habitats altered by humans (Baskett et ai., 1993). Foraging 
behavior includes feeding almost exclusively on the ground in all 3 
areas, but individuals will also utilize elevated bird feeders. 
Several well-documented helminthological surveys have been 
conducted on MDs (Barrows and Hays, 1977; Lee et ai., 2004; 
Appendix B) due, in part, to their status and economic value as a 
game bird species. 
White-winged dove: The WWD has a geographic distribution 
ranging from the southernmost areas of the United States to 
Mexico and is partially migratory through Central America 
and the West Indies (Schwertner et ai., 2002). This species has a 
tendency to exploit areas associated with human habitation in 
areas outside their native range (Cottam et ai., 1968). Foraging 
habits differ from MDs in that this species will feed on food 
sources that are elevated above ground in urban and suburban 
areas. Few documented helminthological surveys (Appendix B) 
have been conducted on this species because of its limited 
geographical range. 
Eurasian collared-dove: The ECD originated in India and was 
subsequently introduced into North America in the mid 1970s 
(Ramagosa, 2002). Since its introduction, this dove has spread 
rapidly across North America. Its habitat includes rural and 
suburban areas, but it is rapidly expanding its range to include 
urban/agricultural habitats. Foraging habits include ground, 
waste, and stored grain (including animal feed from agriculture 
areas), but individuals will also take seeds from elevated bird 
feeders (Ramagosa, 2002). The only published study from North 
America (Bean et ai., 2005) (also see Appendix B) examined the 
helminths of this species in Florida. 
Common ground dove: The CGD is found throughout the 
southernmost tier of the United States from Florida to California, 
the West Indies, Mexico, and much of Central America, and the 
northern third of South America (Bowman, 2002). This species is 
strongly associated with arid, early successional open woodlands 
and shrub or scrub habitats (Bowman, 2002). As a rural ground 
gleaner, CGD individuals tend toward areas of bare, sandy soil, 
consuming large quantities of small, native and exotic seeds. 
Ground doves do not forage in agricultural, urban, or suburban 
areas and have foraging tendencies and behaviors that parallel 
that of the rural-feeding MD. To date, no complete helmintho-
logical survey has been conducted for this species (see partial 
survey in Stabler, 1962; Appendix B). 
Inca dove: The ID is a native columbid of Mexico, northern 
Central America, and the southwestern United States (Mueller, 
1992). It is a strictly urban species that almost exclusively exploits 
residential backyard birdfeeders and birdbaths. To date, no 
complete helminthological survey has been conducted for this 
dove species (Appendix B). 
18 THE JOURNAL OF PARASITOLOGY, VOL. 98, NO.1, FEBRUARY 2012 
APPENDIX B 
TABLE BI. Species of nematodes found in both Old World doves (ECD and RP) and New World doves (MD, WWD, GD, and ID). 
ECD RP 
Helminth taxa Old New Old New MD WWD CGD ID 
Acuaria hamulosa + 
Amidostomum anseris + 
Aonchotheca caudinflata* + + 
Aproctella stoddardi + + + + 
Ascaridia columbae* + + + + + + 
Ascaridia galli + 
Baruscapillaria obsignata + + 
Baylisascaris procyon is + 
Baylisascaris sp. + 
Brachylecithum filum + 
Capillaria annulata + 
Capillaria bursata + 
Capillaria caudinflata + 
Capillaria columbae + + 
Capillaria gallinae + 
Capillaria obsignata* + + + + 
Capillaria tenuissimum + 
Dispharynx nasuta + + + + + + 
Dispharynx spiralis + + 
Eulimdana clava* + 
Excisa columbi* + 
Filaria sp. + 
Hadjelia sp.* + 
Heterakis maculosa + + 
Microtetrameres helix + 
Ornithostrongylus crami + 
Ornithostrongylus iheringi + + 
Ornithostrongylus quadriradiatus + + + + + + 
Ornithostrongylus minutus + + 
Ornithostrongylus sp. + + + 
Pelecitus sp. + 
Postharmostomum commutatum + 
Pterothominx caudinflata* + + 
Pterothominx wavilovoit + 
Splendidofilaria sp. + + 
Strongyloides avium + 
Strongyloides sp. + 
Strongyloidea complex + 
Syngamus tracheae + 
Synhimantus spiralis + 
Tetrameres columbicola + + + 
Tetrameres americanus + + 
Tetrameres fissispina* + 
Trichosoma tenuissimum + 
Trichostrongylus spp. + 
Total 4 7 29 12 12 11 4 
RP = rock pigeon, MD = mourning dove, WWD = white-winged dove, ECD = Eurasian collared-dove, CGD = common ground dove, and ID = Inca dove. 
• Nematode described from Columba livia domestica and Columba livia. 
t Nematode described from Columba livia domestica only. 
New World sources: Mukherjee (1964); Rutherford and Black (1974); Conti and Forrester (1981); Canadian Council on Animal Care (1984); Bennett and Peirce (1990); 
Johnston (1992); Mueller (1992); Mirachi and Baskett (1994); Gicik and Arslan (1999); Erwin et aI. (2000); Glass et al. (2002); Schwertner et al. (2002); Forrester and Spalding 
(2003); Foronda et al. (2004); Bean et al. (2005). 
Old World sources: Mukhetjee (1964); Rutherford and Black (1974); Gicik and Arslan (1999); Foronda et al. (2004); and museum listings. 
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TABLE BU. Species of trematodes found in both Old World doves (ECD and RP) and New World doves (MD, WWD, GD, and ID). 
Helminth taxa 
Austrobilharzia penneri 
Brachylaima columbae 
Brachylaima degiustii 
Brachylaima fuscatus 
Brachylaima mesostoma 
Brachylaima mazzanti 
Brachylaima nicolli 
Brachylaima sp. 
Cotylurus comutus 
Echinoparyphium paraulum 
Echinoparyphium recurvatum 
Echinoparyphium schulzi 
Echinostoma echinatum 
Echinostoma revolutum 
Glaphyrostomum indicum 
Glaphyrostomum sp. 
Hypoderaeum conoideum 
Metechinostoma amurensis 
Pharyngostomum corda tum 
Philopthalmus alii 
Philopthalmus columbae 
Philopthalmus gralli 
Philopthalmus lucipetus 
Prosthogonimus ovatus 
Prosthogonimus pellucidus 
Skrjabinus petrowi 
Tanaisia bragai 
Tanaisia domestica 
Total 
Old 
+ 
+ 
2 
ECD 
New 
+ 
+ 
+ 
3 
Old 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
22 
RP 
New 
+ 
+ 
+ 
+ 
+ 
5 
MD 
+ 
+ 
+ 
3 
WWD GD ID 
+ 
+ 
+ 
+ 
+ 
5 o o 
RP = rock pigeon, MD = mourning dove, WWD = white-winged dove, ECD = Eurasian collared-dove, CGD = common ground dove, and ID = Inca dove. 
New World sources: Mukherjee (1964); Rutherford and Black (1974); Conti and Forrester (1981); Canadian Council on Animal Care (1984); Bennett and Peirce (1990); 
Johnston (1992); Mueller (1992); Mirachi and Basket (1994); Gicik and Arslan (1999); Erwin et al. (2000); Glass et aI. (2002); Schwertner et al. (2002); Forrester and Spalding 
(2003); Foronda et aI. (2004); Bean et aI. (2005). 
Old World sources: Mukherjee (1964); Rutherford and Black (1974); Gicik and Arslan (1999); Foronda et al. (2004); and museum listings. 
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TABLE BIll. Species of cestodes found in both Old World doves (ECD and RP) and New World doves (MD, WWD, GD, and ID). 
Helminth taxa 
Aoorina nakayamai* 
Choanotaenia infundibulum 
Cotugnia chauhan it 
Cotugnia cuteata 
Cotugnia intermedia 
Cotugnia manishae 
Cotugnia satpuliensis 
Cotugnia visakhapatnamensis 
Davainea crassula 
Davainea jalnaensis 
Davainae proglottina 
Davainae retharei 
Diorchis magnicirrosa 
Diorchis moghei 
Fuhrmannetta crassula 
Hymenolepis clausa 
Hymenolepis columbae 
Hymenolepis joyeuxi 
Hymenolepis macracanthos 
Hymenolepis rugosa 
Hymenolepis serrata 
Hymenolepis sphenocephala 
Hymenolepis streptopeliae 
Hymenolepis sp. 
Killigrewia delafondi 
Killigrewia frivolat 
Laterorchites yamaguti 
Ophryocotylus oraiensis 
Paradicranotaenia anormalis 
Passerilepis streptopeliae 
Prosthorhynchus transverses 
Pulluterina karachiensis 
Raillietina beppuensis* 
Raillietina bonini 
Raillietina buckleyi 
Raillietina bungoensis* 
Raillietina carpophagi* 
Raillietina cesticilus 
Raillietina echinobothrida 
Raillietina fragilis 
Raillietina francolini 
Raillietina fuhrmanni 
Raillietina japonensis 
Raillietina johri 
Raillietina joyeuxi 
Raillietina kaimonjiensis* 
Raillietina kantipura 
Raillietina kirghizica 
Raillietina korkei 
Raillietina kyushuensis 
Raillietina micracanthat 
Raillietina michaelseni 
Raillietina nagpurensis 
Raillietina paucitesticulata 
Raillietina polychalix 
Raillietina rugosa 
Raillietina sinensis· 
Raillietina tetragona 
Raillietina tokyoensis* 
Old 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
ECD 
New 
+ 
+ 
+ 
+ 
RP 
Old New MD WWD GD ID 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ + 
+ + + + 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
(Table continued) 
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TABLE BIll. Continued. 
ECD 
Helminth taxa Old 
Raillietina torquata 
Raillietina sp. 
Retinometra serrata + 
Rostelugnia bhaulensist 
Rostelugnia cuneata 
Rostelugnia guptait 
Rostelugnia patialensist 
Rostelugnia sangrurensist 
Rostelugnia streptopeli + 
Sobolevicanthus columbae 
Sobolevicanthus serratus + 
Sobolevicanthus sp. 
Staphylepis cordobensis 
Staphylepis rustica 
Taenia crassula* 
Tetrabothrioporina indica + 
Valipora matolaensis 
Valipora yamaguti 
Total 12 
• Cestode described from Columba livia domestica only. 
t Cestode described from Columba livia intermedia only. 
New 
+ 
+ 
6 
t Cestode described from Columba livia domestica and Columba livia. 
RP 
Old New MD WWD GD ID 
+ 
+ + + 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
63 2 3 4 0 0 
New World sources: Mukherjee (1964); Rutherford and Black (1974); Conti and Forrester (198\); Canadian Council on Animal Care (1984); Bennett and Pierce (1990); 
Johnston (1992); Mueller (\992); Mirachi and Basket (1994); Gicik and Arslan (1999); Erwin et al. (2000); Glass et al. (2002); Schwertner et al. (2002); Forrester and Spalding 
(2003); Foronda et al. (2004); Bean et al. (2005). 
Old World sources: Mukherjee (1964); Rutherford and Black (1974); Gicik and Arslan (1999); Foronda et al. (2004); and museum listings. 
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HELMINTH COMMUNITY STRUCTURE IN BIRDS OF PREY (ACCIPITRIFORMES AND 
FALCONI FORMES) IN SOUTHERN ITALY 
Mario Santoro, John M. Kinsella*, Giorgio Galierot, Barbara degli Ubertit, and Francisco Javier Aznart 
Department of Public Health and Infectious Diseases, Section of Parasitology, Sapienza University of Rome, Piazzale Aida Mora, 00185 Rome, 
Italy. e-mail: marisant@libero.it 
ABSTRACT: We compared helminth communities in 6 species of birds of prey from the Calabria region of southern Italy, In total, 31 
helminth taxa, including 17 nematodes, 9 digeneans, 3 acanthocephalans, and 2 cestodes, were found. All helminth species were 
observed in the gastrointestinal tract, except for 3 spirurid nematodes, Most of the parasite species were detected in at least 2 hosts, but 
13 helminth species were found in only 1 host. At the infracommunity level, the overall species richness and Brillouin's index of 
diversity varied by host, with the highest values in a generalist feeder, the Eurasian buzzard (Buteo buteo), and the lowest in a specialist, 
the western honey buzzard (Pernis apivorus). Species richness was gender dependent only in the sparrow hawk (Accipiter nisus), The 
helminth communities were characterized by different dominant species, namely, Centrorhynchus spp. (Acanthocephala) in the 
Eurasian buzzard and common kestrel (Falco tinnunculus), Parastrigea intermedia (Digenea) in the marsh harrier (Circus aeruginosus), 
Physaloptera alata (Nematoda) in the sparrow hawk, Serratospiculum tendo (Nematoda) in the peregrine falcon (Falco peregrinus), and 
Strigea falconis (Digenea) in the western honey buzzard, Statistical analyses confirmed a highly significant difference of helminth 
infracommunity structure among host species. We conclude that in the Calabria region of southern Italy, each of the raptor species 
studied is distinct in terms of its helminth communities, and more diverse feeding habits of the host correspond with richer helminth 
communities. 
In the last 3 decades, a number of studies on helminths from 
European birds of prey have been published from the Czech 
Republic (Sitko, 1998), Germany (Krone, 2000), Holland (Borg-
steede et aI., 2003), Spain (Illescas-Gomez et aI., 1993; Ferrer et aI., 
2004; Sanmartin et aI., 2004), and Greece (Papazahariadou et aI., 
2008). Most investigations are descriptive surveys or have reported 
on prevalence and intensity of infection. In addition, although 
there is a relative abundance of data on helminths of the Eurasian 
buzzard (Buteo buteo), common kestrel (Falco tinnunculus), and 
sparrow hawk (Accipiter nisus), little information exists on the 
western honey buzzard (Pernis apivorus), marsh harrier (Circus 
aeruginosus), and peregrine falcon (Falco peregrinus) (Furmaga, 
1957; Illescas-Gomez et aI., 1993; Sitko, 1998; Krone, 2000; 
Borgsteede et aI., 2003; Ferrer et aI., 2004; Sanmartin et aI., 2004). 
Sanmartin et aI. (2004) concluded that the helminth commu-
nities in birds of prey and owls are homogeneous from a 
qualitative point of view, e.g., with very few specific helminth 
species for individual hosts or host groups Gust 3 helminth species 
were exclusive for 1 host in 14 species of birds of prey and owls). 
Krone (2000) and Borgsteede et aI. (2003) also found that 10 of 28 
and 10 of 29 helminth taxa recovered in raptors were exclusive to 
a single host species. However, it has also been suggested that a 
parasite might not just be either host-specific or host-opportu-
nistic throughout the parasite's geographical range (Krasnov 
et aI., 2008, 2011). Similarly, the composition of parasite 
communities may change as a function of latitude because of 
the availability of species' specific intermediate hosts (Poulin and 
Leung, 2011). 
Unfortunately, the surveys on raptor helminths cited above are 
not based on infracommunities and are thus not appropriate for 
some types of community-level analyses. Nevertheless, they 
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provide information on which helminth species are found in 
which hosts (Bush, 1990). For example, Sanmartin et aI. (2004) 
reported the species richness of the Eurasian buzzard as l3 
species, but their "species richness" refers to the total number of 
helminth species found in the whole sample of Eurasian buzzards, 
that is, to the helminth component community (Holmes and 
Price, 1986) and not to the mean number of species per individual 
bird, that is, to the infracommunity (Bush, 1990). 
Host vagility, a broad host diet, and selective feeding by a host 
on prey that serve as intermediate hosts for a wide variety of 
helminths represent the main determinants influencing the 
structure of helminth communities among avian hosts (Kennedy 
et aI., 1986; Bush, 1990; Poulin, 1997). Given that birds of prey 
include members with different vagility, feeding habits, and 
habitat use (Cramp and Simmons, 1980; Ferguson-Lees and 
Christie, 2001), we might expect that helminth communities of 
most raptors from the same geographical area would differ in 
terms of composition and richness. 
In a previous paper, we reported on the pathology associated 
with helminths of birds of prey from southern Italy (Santoro, 
Tripepi, et aI., 2010); here we report on the structure of the 
helminth communities (at the component and infracommunity 
levels) in 6 species of birds of prey from the same locality. Using a 
comparative statistical approach, we test the hypotheses that (l) 
each raptor host harbors a specific community and (2) more 
diverse feeding habits correspond to richer helminth communities. 
MATERIALS AND METHODS 
Collection data 
In total, 135 free-ranging birds of prey that died between January 2000 
and December 2010 were examined for helminth parasites. The birds 
belonged to 6 species of raptors, including 35 Eurasian buzzards, 20 
sparrow hawks, 21 western honey buzzards, 17 marsh harriers, 25 
common kestrels, and 17 peregrine falcons; all were from the Calabria 
region of southern Italy, All raptors included in the present study died 
while at the Wildlife Rescue Centre in Rende, Calabria; they were in a 
clinical course of less than 7 days, but had no anthelmintic treatment, 
which should have minimized parasite losses, 
During necropsy examination, the trachea, lungs, air sacs, kidneys, 
spleen, liver, gallbladder, and the whole digestive tract of birds, including 
esophagus, stomach, and intestines (duodenum, jejuno-ileum, ceca, and 
cloaca), were examined, and helminths were collected, identified, and 
counted following the techniques of Krone (2007). Worms were washed in 
saline solution and fixed in 70% ethanol; trematodes and cestodes were 
stained with Mayer's acid carmine and mounted in Canada balsam. 
Nematodes and acanthocephalans were cleared in lactophenol on a glass 
slide for identification and then returned to the preservative. Voucher 
specimens are deposited in the U.S. National Parasite Collection Beltsville, 
Maryland (Accession numbers: 104795 to 104815). 
Statistical analyses 
Ecological terms follow Bush et al. (1997). Classification of helminth 
species by host specificity follows Kinsella et al. (1995), where helminth 
"specialists" are defined narrowly as having the bulk of reproducing 
adults found only in a single host species or having been reported from a 
single host species. Helminth "generalists" are those reported from a 
variety of related host species and are further separated into raptor 
"generalists" (reported only from Accipitriformes, Falconiformes, and 
Strigiformes) and bird "generalists" (reported from other orders of Aves). 
Total abundance, species richness, Brillouin's index of diversity, and the 
Berger-Parker dominance index were used as overall descriptors of 
infracommunities. Total abundance is the number of individuals of all 
helminth species, and species richness the number of helminth species 
harbored by each individual raptor. The 95% confidence interval (CI) for 
prevalence was calculated with Sterne's exact method (Reiczigel, 2003), 
and for mean values of intensity, total abundance, species richness, 
Brillouin's index, and Berger-Parker index, with the bias-corrected and 
accelerated bootstrap method using 20,000 replications (Rozsa et aI., 
2000). 
For each raptor species, differences of total abundance, species richness, 
Brillouin's index, and Berger-Parker index between genders and seasons 
were compared with Mann-Whitney U- and Kruskal-Wallis tests, 
respectively. These parameters were also compared between raptor species 
with Kruskal-Wallis tests using post hoc comparisons (Conover, 1999). 
To examine compositional differences between raptor species, a 
preliminary exploration of patterns was conducted using non-metric 
multidimensional scaling (NMDS). The number of individuals of each 
helminth species from each infracommunity was square-root transformed, 
and the Bray-Curtis similarity coefficient was calculated between 
individual hosts that harbored at least 1 helminth species. The resulting 
similarity matrix was then represented in a 2-dimensional plot using 
NMDS (see Santoro, Badillo, et aI., 2010). Inferential statistics on 
compositional differences were carried out with a nonparametric analysis 
of similarities (ANOSIM) (Clarke and Warwick, 2001). The ANOSIM 
ranks the Bray-Curtis similarity matrix and tests whether the ranks of 
similarities between and within raptor species are the same on average. 
This is evaluated with the statistic R (see Clarke and Warwick, 2001 for a 
definition); the null hypothesis was constructed by calculating 20,000 R 
values with random permutation on host individuals regardless of species. 
The overall comparison was followed by pairwise comparisons between 
host species. 
Finally, prevalence values for each helminth species scaled to unity were 
used to obtain a matrix of similarities between raptor species using the 
Bray-Curtis coefficient. The resulting matrix was used to perform a group-
average hierarchical cluster of raptor species (see Santoro, Badillo, et al., 
2010). To examine for statistical evidence of genuine clusters among 
species, 20,000 random permutations of prevalence values were employed 
in the matrix. The finding of statistically significant clustering could assist 
in investigating whether phylogenetic, and/or ecological, similarities 
between raptor species could influence the similarity between their 
helminth faunas. 
The package Primer v.6 (Clarke and Warwick, 2001) was used for the 
NMDS, the ANOSIM, and the cluster analyses, the free software 
Quantitative Parasitology v. 3 (Reiczigel and Rozsa, 2005) to set 95% 
confidence intervals, and the statistical package SPSS v. 17 for the 
remaining analyses. Statistical significance was set at P < 0.05. 
RESULTS 
Faunal composition 
Thirty-one helminth taxa, including 17 nematodes, 9 digeneans, 
3 acanthocephalans, and 2 cestodes, were found from the 6 raptor 
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species (Table I). On the basis of morphological features, 2 
Centrorhynchus species (Centrorhynchus buteonis and Centror-
hynchus globocaudatus) were identified, but because many 
specimens of both species had their proboscis inverted, it was 
not possible to identify all of them to species. For this reason, 
infections by C. buteonis and C. globocaudatus are reported 
together as Centrorhynchus spp. in Table I. All helminth taxa 
were found in the gastrointestinal tract except for 3 spirurids 
(Diplotriaena sp., Hamatospiculum sp., and Serratospiculum 
tendo). The first 2 species were collected from the heart and 
abdominal cavity, respectively, of western honey buzzards, and 
the last from the air sacs of peregrine falcons. Gravid individuals 
were found in all helminth species regardless of raptor species, 
except for 2 digeneans, Brachylaima Juscatum and Echinostoma 
sp. Both of the latter 2 helminth species occurred at very low 
prevalence and intensity in Eurasian buzzards, and B. Juscatum in 
a common kestrel (Table I). 
The total number of helminth species per host species ranged 
from 8 in peregrine falcons to 18 in Eurasian buzzards (Table I). 
Two (6.4%) helminth taxa were shared between all 6 raptor 
species, 9 (29.0%) helminth taxa between 3 and 5 raptor species, 7 
(22.5%) between 2, and 13 (41.9%) were restricted to a single 
raptor species; in 5 cases, however, the infections involved single 
hosts with intensities ranging just from 1 to 9 worms (Table I). 
Classification of helminth taxa by host specificity is included in 
Table II. 
Infracommunity analysiS 
Parameters of helminth infracommunities for each of the 6 
raptor species are shown in Table III. These parameters were not 
significantly affected by season in any host species (Kruskal-
Wallis tests, minimum nominal P > 0.08). Likewise, there were no 
significant differences of these parameters between sexes in any 
host species (Mann-Whitney U-tests, minimum nominal P > 
0.10), except in the case of the sparrow hawk, where females 
harbored more species than males (4.6 vs. 3.1) (U = 19.5, 5 dJ., 
P = 0.019). Nonetheless, an ANOSIM indicated a strong 
compositional similarity of infracommunities between both sexes 
(R = -0.031, P = 0.614). 
A comparison of helminth infracommunity parameters between 
raptor species revealed highly significant differences of helminth 
species richness (Kruskal-Wallis test, X2 = 33.38, 5 d.f., P < 
0.001); the post hoc test (P < 0.05) indicated that the western 
honey buzzard and the Eurasian buzzard had significantly 
smaller, and larger, richness, respectively, than any other raptor 
species (Table III). The total abundance of helminths also differed 
among raptor species (X2 = 59.74,5 d.f., P < 0.001). In this case, 
individuals of Eurasian buzzard harbored significantly more 
worms than any other raptor, and total abundance from the 
marsh harrier and the common kestrel were significantly larger 
than those of peregrine falcons, sparrow hawks, and western 
honey buzzards (Table III). The overall difference among raptors 
using Brillouin's diversity index also was statistically significant 
(X2 = 14.47, 5 d.f., P = 0.013), with the western honey buzzards 
having a lower diversity of helminths than Eurasian buzzards, 
marsh harriers, and common kestrels (Table III). 
In contrast, the Berger-Parker index did not differ between 
raptor species (X2 = 8.34, 5 d.f., P = 0.138). The most abundant 
species accounted for a range between 59% (in common kestrels) 
TABLE I. Infection parameters of helminths found in 6 species of raptors from Calabria region of southern Italy. n: host sample size; P: prevalence (percentage of infected birds, %); In: mean '" .j>. 
intensity (mean number of worms per infected bird). Numbers in parentheses are the 95% confidence intervals of each parameter; note that, when only 2 hosts were infected, mean intensity is 
followed by range between brackets. 
--I 
I 
m 
<-
Accipiter nisus Buteo buteo Circus aeruginosus Falco peregrinus Falso tinnunculus Pernis apivorus 0 c 
(n = 20) (n = 35) (n = 17) (n = 17) (n = 25) (n = 21) II Helminth taxon z » 
(microhabitat)* P In P In P In P In P In P In r 0 
"Tl 
Acanthocephala -0 
» 
Centrorhynchus 20.0 6.8 100 102 29.4 6.4 88.0 14.1 23.8 14.0 II » 
spp.t (I) (7.1-42.4) (1.0-15.3) (90.4-100) (80.3-130.3) (12.4-54.4) (2.2-9.8) (69.7-96.6) (9.7-20.7) (9.9-45.5) (6.6-19.2) (fJ =i 
Sphaerirostris 4.0 I 0 r 
picae (I) (0.2-19.6) 0 GJ 
:< 
Nematoda < 0 
Capillaria 25.7 7.8 5.9 4.0 r 
spp. (S) (13.8-42.8) (4.45-13.9) (0.3-28.7) (0.2-19.6) '"" -'J) 
Capillaria 30.0 2.8 20.0 3.5 [3-4] z 
falconis (I) (14.0-52.5) (1.3-6.3) (9.6-37.0) 0 -~ 
Cheilospirura 12.0 5.3 
"Tl 
falconis (0) (3.4-30.3) (1.0-7.7) m IJJ 
II 
Diplotriaena 4.8 c 
» 
sp. (Ac) (0.3-23.3) II 
-< 
Dispharynx 11.4 14.5 28.0 9.8 
'" 0 falconis (S) (4.0-26.8) (9.0-19.0) (13.4-48.0) (6.6-15.6) N 
Eucoleus 10.0 5 [1-9] 42.9 6.9 35.2 3.0 29.4 9.4 4.0 I 4.8 5 
dis par (0) (1.8-32.0) (26.8-60.1) (3.9-12.5) (16.6-59.4) (1.7-5.5) (12.4-54.4) (3.2-18.2) (0.2-19.6) (0.3-23.3) 
Hamatospiculum 4.8 
sp. (H) (0.3-23.3) 
Parachordatortilis 4.0 9 
mathevossianae (0) (0.2-19.6) 
Procyrnea 57.1 39.4 24.0 17.5 
leptoptera (S) (39.9-73.2) (20.0-74.8) (11.0-43.9) (8.8-27.0) 
Procyrnea 55.0 23.3 11.8 2 [1-3] 9.5 12.5 
mansioni (S) (32.0-75.6) (12.5-41.2) (2.1-35.0) (1.7-30.5) [8-17] 
Synhimantus 10.0 9 [2-16] 11.4 13.8 17.6 7 17.6 9.0 12.0 14.3 4.8 56 
laticeps (S) (1.8-32.0) (4.0-26.8) (4.6-30.4) (5.0-41.7) (5.0-8.3) (5.0-41.7) (5.0-12.0) (3.4-30.3) (10.0-18.0) (0.3-23.3) 
Synhimantus 8.6 14.7 48.0 16.0 
robertdollfusi (S) (2.4-22.6) (7.0-19.3) (29.6-68.3) (10.1-25.7) 
Physaloptera 85.0 7.8 25.7 57.8 23.5 2.0 76.5 5.2 36.0 13.6 
alata (0, S, I) (62.8-95.8) (5.7-9.9) (13.8-42.8) (28.3-87.4) (8.5-48.9) (1.0-3.3) ( 51.1-91.5) (3.0-8.2) (19.6-56.1) (8.0-20.8) 
Physaloptera 33.3 11.4 
apivori (S) (15.9-55.1) (4.3-27.7) 
Physaloptera 14.3 13.6 
mexicana (S) (5.8-29.8) (3.8-39.0) 
Porro caecum 10.0 1.5 [1-2] 45.7 13.1 29.4 1.8 23.8 1.2 
angusticolle (1) (1.8-32.0) (29.8-63.0) (7.8-24.3) (12.4-54.4) (1.0-3.0) (9.9-45.5) (1.0-1.4) 
Serratospiculum 82.4 7.2 
tendo (As) (58.4-95.0) (3.8-14.6) 
(Table I continued) 
TABLE I. Continued. 
Accipiter nisus Buteo buteo Circus aeruginosus Falco peregrinus Falso tinnunculus Pernis apivorus 
Helminth taxon (n = 20) (n = 35) (n = 17) (n = 17) (n = 25) (n = 21) 
(microhabitat)* P In P In P In P In P In P In 
Digenea 
Brachylaima 5.7 1.5 [1-2] 4.0 2 
fuscatum (I) (1.0--19.5) (0.2-19.6) 
Echinostoma 5.7 15.0 
spp. (I) (1.0--19.5) [7-23] 
Echinoparyphium 4.8 3 
agnatum (I) (0.3-23.3) 
Neodiplostomum 50.0 43.6 45.7 198.1 5.9 10 
attenuatum (I) (29.3-70.7) (20.7-79.4) (29.8-63.0) (71.1-494.6) (0.3-28.7) 
Neodiplostomum 41.2 21.7 4.8 147 
perla tum (I) (19.6-65.0) (1.4--54.0) (0.3-23.3) 
Neodiplostomum 14.3 27.2 23.5 45.5 
spathoides (I) (5.8-29.8) (8.2-61.2) (8.5-48.9) (9.3-99.3) 
Parastrigea 58.8 40.4 (f) » 
intermedia (I) (35.0--80.4) (15.8-108.3) z 
-l 
Strigea 10.0 1.5 [1-2] 11.4 7.0 47.1 20.1 58.8 11.8 47.6 30.5 0 :0 
falconis (I) (1.8-32.0) (4.0--26.8) (2.6--12.8) (25.3-71.3) (8.5-38.4) (35.0-80.4) (4.7-23.7) (27.6-69.5) (9.5-84.8) 0 m 
Strigea 2.9 4 -l » 
vandenbrokae (I) (0.2-15.2) , I 
Cestoda I m 
Cladotaenia 
r 
23.5 4.5 '5: 
foxi (I) (8.5-48.9) (1.0--8,5) Z 
-l 
Cladotaenia 5.0 8.6 4.3 70.5 11.8 8.0 6 [1-11] 9.5 7 [1-13] I 0 
globifera (I) (2.6-24.4) (2.4--22.6) (1.0-6.3) (45.6--87.6) (6.4--20.5) (0.6--31.0) (1.7-30.5) 0 
'5: 
'5: 
* Abbreviations; Ac, abdominal cavity: As, air sacs; H, heart; I, intestine; 0, oesophagus; S, stomach. c z t Centrorhynchus spp. includes Centrorhynchus buteonis and Centrorhynchus globocaudatus. ~ 
Z 
!;!;! 
:0 
0 (f) 
0 
." 
'1J 
:0 
m 
-< 
I\:) 
{J1 
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TABLE II. Classification of helminth taxa of birds of prey in Calabria 
region of southern Italy according to the host specificity (see references in 
the text): "specialist," reported as adult only in a single raptor species; 
"raptors," reported as adult in at least 2 raptor species; "bird generalists," 
reported as adult also in birds other than raptors. 
Specialist Raptors Bird generalists 
Centrorhynchus spp. 
(c. buteonis, C. 
globocaudatus) x 
Sphaerirostris picae x 
Capillaria spp. x 
Capillaria falconis x 
Cheilospirura falconis x 
Diplotriaena sp. x 
Dispharynx falconis x 
Eucoleus dis par x 
Hamatospiculum sp. x 
Parachordatortilis 
mathevossianae x 
Procyrnea leptoptera x 
Procyrnea mansioni x 
Synhimantus laticeps x 
Synhimantus 
robertdollfusi x 
Physaloptera alata x 
Physaloptera apivori x 
Physaloptera 
mexicana x 
Porro caecum 
angusticolle x 
Serratospiculum tendo x 
Brachylaima fuscatum x 
Echinostoma spp. x 
Echinoparyphium 
agnatum x 
N eodiplostomum 
attenuatum x 
Neodiplostomum 
perlatum x 
N eodiplostomum 
spathoides x 
Parastrigea 
intermedia x 
Strigea falconis x 
Strigea vandenbrokae x 
Cladotaenia foxi x 
Cladotaenia globifera x 
and 80% (in western honey buzzards) of total helminth 
abundance. For each raptor species, we selected the 2 helminth 
species that were most frequently dominant in the infracommu-
nities (Table III). Only 3 of these species, Centrorhynchus spp., 
Neodiplostomum attenuatum, and Strigea falconis, were shared 
between 2 or more raptor species. However, 6 of the 9 most 
dominant species were apparently raptor generalists, occurring in 
~2 raptor species (Tables I, III). 
The NMDS provided a useful coarse representation (stress = 
0.17) of the similarity matrix of helminth infracommunities of all 
individual hosts (Fig. 1). Individuals of each raptor species tended 
to cluster together, producing a fairly clear segregation between 
individuals of each host species (Fig. 1). Note, however, that 
overlap was substantial between all species, and sub-clustering 
was apparent in some species, i.e., common kestrels and western 
honey buzzards (Fig. I). The ANOSIM analysis confirmed a 
highly significant difference of helminth infracommunity structure 
among host species (R = 0.724, P < 0.0001). Pairwise compari-
sons were all highly significant (Table IV), with R values grossly 
reflecting the distances represented in the NMDS (Fig. I). 
The group-average hierarchical cluster of raptor species based 
on prevalence of their helminth fauna is shown in Figure 2. A first 
subdivision separated common kestrel + Eurasian buzzard versus 
the other raptors; the latter were further subdivided in 2 pairs: 
western honey buzzard + marsh harrier and sparrow hawk + 
peregrine falcon. All clusters were statistically significant (Fig. 2) 
and were consistent with the distribution patterns obtained in the 
NMDS based on helminth intensities (Fig. 1). 
DISCUSSION 
Results obtained here support the hypothesis that more diverse 
feeding habits of the host correspond with richer helminth 
communities. Whereas the majority of the parasite taxa infected 
at least 2 hosts, a total of 13 of the 31 (41.9%) taxa were found 
exclusively in 1 host species (Table I), indicating that each species 
harbors a specific fauna. ANOSIM analyses confirmed a highly 
significant difference of helminth infracommunity structure 
among host species. It is shown quantitatively by the different 
trophic niche that each helminth species occupies in each host. 
The Accipitriformes and Falconiformes include members with 
different habitat use, feeding strategies, and diversity of prey. The 
Eurasian buzzard, common kestrel, and marsh harrier are 
opportunist generalists feeding mainly on insects, amphibians, 
fish, reptiles, birds, and rodents. Peregrine falcons and western 
honey buzzards specialize on pigeons and insects, respectively, 
while the sparrow hawk feeds mainly on small birds and mammals 
(Cramp and Simmons, 1980; Ferguson-Lees and Christie, 2001). 
Values of communities were higher in the Eurasian buzzard 
(which is a generalist feeder) and lower in the western honey 
buzzard (which is a specialist feeder) (Table II). It is generally 
agreed that a generalist feeder is exposed to a greater number of 
potential intermediate host species, resulting in a greater helminth 
richness when compared to a specialized consumer (Kennedy 
et a!., 1986; Bush, 1990; Poulin, 1997, 2007). 
Among avian hosts, it is believed that the aquatic birds harbor 
the richest helminth communities (Bush, 1990; Bush et a!., 1990; 
Poulin, 1997). For instance, the greatest species richness at the 
infracommunity level was reported in Bonaparte's gull (Larus 
philadelphia, 5.5; Kennedy et a!., 1986). Among the raptor hosts 
here studied, the Eurasian buzzards possessed the richest helminth 
communities, with values close to those found in Bonaparte's 
gulls (4.5; Table III). The Eurasian buzzard is a more opportu-
nistic feeder and exhibits more vagility than other generalist hosts 
examined in the present study (Cramp and Simmons, 1980; 
Ferguson-Lees and Christie, 2001). It ingests a wide range of prey 
taxa and feeds in diverse habitats, exposing it to a wide range of 
prey and, therefore, more potential intermediate hosts, which 
accounts for the high species richness (Kennedy et a!., 1986). 
However, it probably feeds selectively on particular prey species, 
acquiring an abundance of individual helminths (Kennedy et a!., 
1986). In contrast, the western honey buzzard exhibited the most 
depauperate helminth infracommunity. It is a very specialized 
feeder preying on insects (mainly on wasps) (Cramp and 
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TABLE Ill. Mean values (95% confidence interval) of 4 parameters of helminth communities in 6 species of birds of prey in Calabria region of southern 
Italy. The 2 parasite taxa that are more frequently dominant in the infracommunities for each host species are also reported. For dominant species, 
numbers in brackets are the number of hosts in which each parasite taxon is dominant. 
Host species Species richness Total abundance 
Buteo buteo 4.54 (4.14-4.97) 254.9 (187.3-412.0) 
(n = 35, 0 uninfected) 
Circus aeruginosus 3.71 (3.00-4.24) 56.5 (37.9-93.0) 
(n = 17, 0 uninfected) 
Falco tinnunculus 3.44 (2.64-4.28) 45.7 (31.8-64.1) 
(n = 25, 0 uninfected) 
Accipiter nisus 2.85 (2.20-3.55) 45.2 (27.0-74.0) 
(n = 20, 2 uninfected) 
Falco peregrinus 3.17 (3.35-3.94) 33.5 (19.4-64.1) 
(n = 17,0 uninfected) 
Pernis apivorus 1.81 (1.24-2.33) 38.3 (17.2-91.8) 
(n = 21, 4 uninfected) 
Simmons, 1980; Ferguson-Lees and Christie, 2001). Our obser-
vation of gastrointestinal contents during necropsies confirmed 
they consisted almost exclusively of hymenopterans and dipter-
ans. However, during breeding season western honey buzzard 
have been observed feeding occasionally on small birds, rodents, 
and reptiles (Cramp and Simmons, 1980; Ferguson-Lees and 
Christie, 2001). This latter behavior may contribute to the 
helminth community, with occasional helminth species showing 
low values of infracommunity diversity (Tables I, III). 
Of the helminths found here as exclusive to just 1 host species, 
none was found as a specialist in a single host species from other 
geographical areas (Furmaga, 1957; Illescas-Gomez et aI., 1993; 
Krone, 2000; Borgsteede et aI., 2003; Ferrer et aI., 2004; 
Sanmartin et aI., 2004) except for Parachordatortilis mathevossia-
nae and Cladotaenia foxi. The previous species was found only in 
common kestrels from southern Kyrgyzstan (see Mutafchiev 
et aI., 2010) and the latter in peregrine falcons in North America 
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FIGURE 1. Nonmetric multidimensional scaling ordination of heminth 
infracommunities from 6 raptor species in Calabria (Italy). Black triangles: 
western honey buzzard (Pernis apivorus); empty triangles: common kestrel 
(Falco tinnunculus); empty squares: sparrow hawk (Accipiter nisus); gray 
diamonds: marsh harrier (Circus aeruginosus); black circles: peregrine 
falcon (Falco peregrinus); crosses: Eurasian buzzard (Buteo buteo). 
Brillouin index Berger-Parker index Dominant species 
0.79 (0.68-0.91) 0.67 (0.61-0.73) Centrorhynchus sp.[23] 
N. attenuatum [7] 
0.67 (0.50-0.82) 0.70 (0.62-0.80) P. intermedia [6] 
C. globifera [4] 
0.99 (0.80-1.18) 0.59 (0.48-0.70) Centrorhynchus sp. [l3] 
S. robertdollfusi [6] 
0.63 (0.48-0.77) 0.68 (0.61-0.77) P. alata [6] 
N. attenuatum [6] 
0.73 (0.54-0.88) 0.70 (0.60-0.80) S. tendo [5] 
S. falconis [4] 
0.45 (0.31-0.65) 0.80 (0.70-0.88) S. falconis [8] 
P. apivori [3] 
(Schmidt, 1986). To explain these differences, it has been 
suggested that a parasite may be host-specific on a local scale, 
but host-opportunistic on a global scale, or host-opportunistic 
locally, but host-specific globally. The former would use locally a 
few hosts that are substitutable across locations, so that it shifts 
hosts from location to location and has a high total number of 
hosts across its geographic range. The latter exploits locally many 
hosts that cannot be substituted from one location to the next, so 
the total number of hosts that it uses across its geographic range is 
relatively small (Krasnov et aI., 2008, 2011; Poulin and Leung, 
2011). 
Significant differences in species richness between sexes of 
sparrow hawk (4.6 in females vs. 3.1 in males) may be related to 
different predation and feeding behaviors between genders. 
Among avian prey, sparrow hawk males prefer species of 
Fringillidae, Passeridae, Emberizidae, and Paridae, while females 
prefer species of Turdidae and Sturnidae (Cramp and Simmons, 
1980). In addition, during the breeding season, the total biomass 
of the prey increases as the number caught by females increases 
(Newton, 1978; Bujoczek and Ciach, 2009), exposing them to a 
greater number of potential intermediate host species, resulting in 
a greater helminth richness (Kennedy et aI., 1986; Poulin, 1997, 
2007). 
Centrorhynchus spp. were the dominant taxa in buzzards and 
kestrels. It is the largest acanthocephalan genus, occurring in close 
to 90 species of birds (Golvan, 1994). Members of this group have 
indirect life cycles, with arthropods as intermediate hosts, and 
reptiles (lizards and snakes) and small mammals (usually shrews) 
as paratenic hosts (Ewald et aI., 1991; Golvan, 1994). Prevalence 
of infection by Centrorhynchus spp. in European birds of prey 
varies, ranging from 1.1 % in Germany (Krone, 2000) to 63.6% in 
Spain (Sanmartin et aI., 2004). A possible explanation for greater 
Centrorhynchus spp. infestations in the Mediterranean countries is 
that their first orthopteran intermediate hosts are more abundant 
there (Krone, 2000; Poulin and Leung, 2011) . 
Spirurid nematodes represented the most diverse parasite 
group. They use a wide range of insects as intermediate hosts; 
for example, Dispharynx spp. and P. mathevossianae (see 
Mutafchiev et aI., 2010) use isopods; Physaloptera spp. use 
coleopterans, dermapterans, dictyopterans, and orthopterans; 
Procyrnea spp. use orthopterans; and Synhimantus spp. use 
dermapterans, isopods, and odonates (Anderson, 2000). A single 
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TABLE IV. Values of R statistics (lower diagonal) and associated P values (upper diagonal) of pairwise comparison of an Analysis of Similarity between 
helminth infracommunities of 6 raptors species from Calabria region of southern Italy. Lower R values indicate larger similarity between species. 
F. peregrinus F. tinnunculus P. apivorus B. buteo C. aeruginosus A. nisus 
F. peregrinus <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
F. tinnunculus 0.864 <0.0001 <0.0001 <0.0001 <0.0001 
P. apivorus 0.446 0.623 
B. buteo 0.959 0.573 
C. aeruginosus 0.693 0.643 
A. nisus 0.484 0.715 
male of Hamatospiculum sp. was found in the heart of a honey 
buzzard. Until the present study, species within this genus were 
known only from shrikes and owls (Anderson, 2000). A single 
female of Diplotriaena sp. was collected from the abdominal 
cavity of a western honey buzzard. Species of Diplotriaena are 
generalist parasites in a wide range of insectivorous birds. Species 
of both Hamatospiculum and Diplotriaena employ coprophagous 
arthropods as intermediate hosts (Anderson, 2000). 
Serratospiculum spp. use insects and pigeons as first and second 
intermediate hosts, respectively (Anderson, 2000). In the present 
study, we found S. tendo only in the peregrine falcon, but with a 
high prevalence of infection (Table I). A similar prevalence was 
reported by Krone (2002) in 16 of 19 peregrine falcons from 
Germany. Because a narrow range of dietary items is employed by 
peregrine falcons, mostly pigeons (Cramp and Simmons, 1980; 
Ferguson-Lees and Christie, 2001), we suspect that pigeons are 
the main source of infection in the present study. Although 
infection by S. tendo may represent an important cause of 
morbidity and mortality in free-ranging falcons (Heidenreich, 
1997; Santoro, Tripepi, et aI., 2010), the prevalence of infection in 
many European birds of prey remains unknown. 
Neodiplostomum was the digenean genus most represented in 
this study. Species within this genus were found in all hosts 
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FIGURE 2. Group-average hierarchical cluster analysis of helminth 
fauna from samples of 6 raptor species in Calabria (Italy) based on a Bray-
Curtis resemblance matrix using prevalence data scaled to unity. The 
number on each node indicates the probability that the cluster is random 
(see text for details). 
<0.0001 <0.0001 <0.0001 
0.840 <0.0001 <0.0001 
0.448 0.887 <0.0001 
0.645 0.829 0.754 
examined, except in the common kestrel. Neodiplostomum spp. 
accounted for 79.9% of all digenean specimens found. Birds of 
prey serve as definitive hosts, with metacercariae developing in 
amphibians, while reptiles and mammals serve as paratenic hosts 
(Niewiadomska, 2002). 
Infection with cestodes was most prevalent in the marsh harrier 
(70.5%) and peregrine falcon (23.5%), while represented as only 
an occasional finding in the other raptor species (under 10.0%). 
The diet of the marsh harrier includes a large number of rodents 
and insectivorous mammals, which are the intermediate hosts of 
Cladotaenia spp. (Schmidt, 1986). 
As suggested by Bush et al. (1993), invertebrates can be 
considered as an important source of helminth communities for 
their definitive hosts. Although results showed considerable 
differences in the helminth assemblages of the 6 raptor species, 
the high prevalence of helminths that use insects as intermediate 
hosts confirms the importance of these invertebrates as food 
resources for all examined hosts. We conclude that in the Calabria 
region of southern Italy, each of the raptor species studied is distinct 
in terms of its helminth communities, and more diverse feeding 
habits of the host correspond with richer helminth communities. 
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PARASITE ASSEMBLAGES OF AUSTRALIAN SPECIES OF PSEUDOMYS (RODENTIA: 
MURIDAE: MURINAE) 
H. J. Weaver* and L. R. Smalest 
School of Medical and Applied Science, Central Queensland University, Rockhampton QLD, 4702, Australia. e-mail: haylee.weaver@anu.edu.au 
ABSTRACT: The parasite fauna of many Australian rodents is poorly known. The ectoparasite and helminth faunas of Pseudomys 
delicatulus, Pseudomys desertor, Pseudomys gracilicaudatus, and Pseudomys hermannsburgensis were determined and compared. In 
total, 12 species of arthropods, 2 cestodes, and 13 nematodes were found. Species richness of parasites was highest in P. 
hermannsburgensis and lowest in P. desertor. Despite the sampling effort, the number of parasite species discovered did not reach an 
asymptote for any of the host species, indicating that the full parasite fauna was not examined. Helminth species richness was highest in 
the insectivorous P. hermannsburgensis and lower in the obligate herbivores. The structure of parasite component communities was 
influenced by the social structure of the host species, not surprisingly, with the most highly social species having the highest richness of 
parasites. Habitat preferences also provided contrast between the helminth component communities, with heligmonellid nematodes 
occurring in damp woodlands and dominating the parasite fauna of P. gracilicaudatus. Oxyurid nematodes dominated the component 
communities of the 3 other species, all of which inhabit drier habitats. 
The rodent genus, Pseudomys Gray 1832 (Muridae: Hydro-
myini), possesses 33 extant species primarily endemic to Australia 
(Clayton et aI., 2006; Breed and Aplin, 2008). A single species, the 
delicate mouse Pseudomys delicatulus (Gould 1842), occurs in both 
Australia and New Guinea while no species are found only in New 
Guinea (Flannery, 1995). The tribe is thought to have arrived in 
Australia 4--5 mya, with resulting speciation in these rodents being 
found in most terrestrial Australian ecosystems (Breed and Aplin, 
2008; Lecompte et aI., 2008; Rowe et aI., 2008). Although the 
Pseudomys spp. have the widest distribution of the Hydromyini, 
they have been the least studied for parasites. Most work has 
focused on species of Hydromys, Melomys, Uromys, Xeromys, and 
Zyzomys (see, for example, Smales, 1997; Smales et aI., 2004; 
Smales, 2005; Smales and Spratt, 2008; Weaver and Smales, 2009). 
The 4 species chosen for study, P. delicatulus and the desert 
mouse Pseudomys desertor Troughton 1936, the eastern chestnut 
mouse Pseudomys gracilicaudatus (Gould 1845), and the sandy 
inland mouse Pseudomys hermannsburgensis (Waite 1896) have 
distributions across northern Australia in either coastal or inland 
desert habitats (Kutt et aI., 2003; Breed, 2008). The distribution of 
P. delicatulus is mainly coastal but can occasionally overlap with 
the inland species, i.e., P. desertor and P. hermannsburgensis, but 
the degree of interaction between the species is unknown (Kutt et 
aI., 2003; Breed, 2008; Kerle et aI., 2008). Populations of P. 
desertor and P. hermannsburgensis occur in the sandy deserts of 
central Australia. While there is overlap between the recorded 
distribution of the coastal species P. delicatulus and P. gracili-
caudatus, the preferred habitat structures of each differ, limiting 
contact between the 2 species. 
Both P. delicatulus and P. hermannsburgensis are gregarious, 
with burrow sharing being common, while P. desertor and P. 
gracilicaudatus are more solitary (Finlayson, 1941; Breed and 
Aplin, 2008). Pseudomys desertor is widely distributed and 
territoriality has been observed in a free-living population 
(Happold, 1976). Pseudomys desertor, P. gracilicaudatus, and P. 
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delicatulus are mostly herbivorous, with limited granivory, and 
insects are consumed only occasionally (Watts and Aslin, 1981; 
Braithwaite and Brady, 1993; Luo et aI., 1994; Murray and 
Dickman, 1994; Murray et aI., 1999; Ford, 2008). Pseudomys 
hermannsburgensis is omnivorous, with invertebrates actively 
selected and constituting up to 60% of its diet at certain times 
of the year (Murray and Dickman, 1994; Murray et aI., 1999). 
While new species of parasites have been described (Weaver 
and Smales, 2008, 2010) as part of the research documented 
herein, there were previously no records of any helminths or 
protozoans from any of the 4 rodent species. The only published 
records for P. delicatulus include the mite species Laelaps 
pammorphus Domrow 1973 and Laelaps spatanges Domrow 
1973 (Parasitiformes: Laelapidae) (see Domrow, 1987). There 
are no published records of any ectoparasites from P. desertor. 
The known ectoparasites from P. gracilicaudatus include Laelaps 
aella Domrow 1973 and Laelaps lampetes Domrow 1992 (as 
Laelaps elegans Domrow 1980) (see Domrow, 1987). For P. 
hermannsburgensis, there are sporadic records of the mite species 
Laelaps spatanges, Radfordia pseudomys Fain 1974 (Acariformes: 
Myobiidae), Marsupiopus leporilli Fain 1969 (Acariformes: 
Echimyopodidae), and Murichirus alatus Fain & Lukoschus 
1981 (Acariformes: Atopomelidae) (see Domrow, 1987, 1991, 
1992; Domrow and Lester, 1985). 
The aim of the present study was to identify and document the 
parasite fauna of the 4 species of Pseudomys to determine which, 
if any, ecological or behavioral parameters may have influenced 
the communities recorded. 
MATERIALS AND METHODS 
The data for this study were collected from 3 sources. Parasites were 
collected by necropsy of live-trapped animals or from voucher specimens 
stored in 70% ethanol at the Queensland Museum (QM), Brisbane, 
Australia and the Institute for Wildlife Research, University of Sydney 
(IWR), Sydney, Australia. Parasites collected from the target hosts, held at 
the Australian National Wildlife Collection (ANWC), CSIRO, Canberra, 
Australia were also considered. Localities, with the number of hosts 
examined in parentheses, are given below. 
Forty-two P. delicatulus were examined from Queensland: Carnarvon 
National Park 2S006'S, 147°S1 'E (4); Clemant State Forest 19°0S'7S"S, 
146°27'l4"E (23); Culleen Point 11 °SS'S, 141 °SI 'E (I); Emerald 23°42'S, 
14s002'E (4); Lenton Downs 21°33'22"S, 14s00S'23"E (I); Marlborough 
22°S7'S, 149°S3'E (I); Mount Molloy 16°40'S, 14s020'E (4); Poitrel Mine 
22°06'S, 14so1S'E (2); Stanwell Power Station 23°31 'S, ISo020'E (I); and 
Townsville (unknown locality) (1). 
Seventeen P. desertor were examined from Queensland: Blair Athol 
Coal Mine 22°42/S, 139°51 'E (1); Ethabuka Station 23°41 'S, 138°26/E (5); 
Mica Creek 20049/S, 139°27/E (1); Mount Isa 20033/S, 139°38/E (5); 
Mount Leonard Station 25°41/S, 140045/E (1); Sandringham Station 
23°56/S, 138°47/E (2); Tick Hill Gold Mine 21°39/S, 139°55/E (1); and 
White Mountains National Park 20026/S, 144°51/E (I). 
Twenty P. gracilicaudatus were examined from Queensland: Blackbraes 
Resource Reserve 19°32/28"S, 144°04/21"E (3); Blair Athol Coal Mine 
22°42/S, 14r30/E (2); Carnarvon National Park 25°06/S, 14r51/E (I); 
Emerald 23°42/S, 148°02/E (1); Goodedulla National Park 23°15'S, 
149°45/E (I); Gregory Range 19°13/S, 143°14/E (I); Helidon Hills 
27°27/S, 152°12/E (2); Mount Archer National Park 23°18/S, 150035/E 
(I); Mount Morgan 23°38/S, 150022/E (I); Mount Pleasant Station 
24°36/S, 148°30/E (I); Pilot Farm 23°33/S, 148°09/E (I); Rockhampton 
23°19/S, 150018/E (3); Saunders Beach 19°1O/48"S, 146°35/48"E (I); and 
Townsville Town Common 19°14'S, 146°45/E (1). Further, 3 samples of 
helminths from an unknown number of hosts, i.e., parasites pooled from 
multiple hosts, were also examined from Shoalwater Bay 22°17/S, 
150009/E (I sample) and Gladstone (unknown locality) (2 samples). 
Forty-nine P. hermannsburgensis were examined. From Queensland: 
Bladensburg National Park 22°30/S, 143°02/E (1); Durrie Station 25°56/S, 
139°56/E (2); Ethabuka Station 23°52/S, 138°28/E (23); Karmona Station 
2r23/S, 141°57/E (I); Mount Leonard Station 25°41/S, 140036/E (8); 
Napper Merrie Station 27°23/S, 141°20/E (6); Nockatunga Station 
27°43/S, 142°43/E (2); Noonbah Station 24°07/S, 143°11 'E (2); Sandring-
ham Station 23°56/S, 138°47/E (1); and Simpson Desert 25°42/S, 138°33/E 
(1). From the Northern Territory: Carlo Station 23°64/S, 138°28/E (I) 
and Tobermorey Station 23°26/S, 137°58/E (I). Further, 6 samples of 
helminths from an unknown number of hosts, i.e., parasites pooled from 
multiple hosts, were examined from the Northern Territory: Yulara 
25° 14' S, 130059/E (3 samples); Uluru (unknown locality) (I sample); 
Western Australia: Mt. Carnage 30021/S, 120057'E (1 sample); and South 
Australia: Lake Everard 31°25'S, 135°08/E (I sample). 
Trapped animals were weighed and killed by an intraperitoneal injection 
of pentobarbitone sodium. The pelage and skin was inspected for 
ectoparasites before being digested in 5% potassium hydroxide solution 
and sieved using filter paper to recover all other ectoparasites. A blood 
smear and samples of main body tissues were taken to examine for 
protozoan parasites. The viscera were separated and examined for 
helminths using an Olympus SZ40 dissecting microscope (Olympus, Tokyo, 
Japan). Animals inspected from the QM and IWR were checked for 
gastrointestinal helminths only. These animals were viewed for obvious 
ectoparasites, such as ticks still attached, but skins were not digested. 
Parasites collected were fixed in 70% ethanol (ectoparasites) or 5% formalin 
(helminths) and stored in 70% ethanol. Mites, ticks, and fleas were 
examined either without further treatment in 70% ethanol or cleared in 5% 
potassium hydroxide solution and mounted in Hoyer's medium. Lice were 
stained and mounted as per Palma (1978). Blood smears were fixed in 
absolute methanol and stained with Giemsa using standard protocols. 
Tissue sections were embedded in paraffin and sectioned at 5 J.1IIl. Sections 
were deparaffinized using xylene and rehydrated through a graded series of 
ethanol (Celis, 1994) stained with modified Harris haematoxylin (Sigma 
Aldrich, St. Louis, Missouri) for 15 sec, counterstained using alcoholic eosin 
with phloxine (Sigma) for 5 sec, and cover-slipped using DPX. Nematodes 
were examined using temporary lactophenol mounts. Cestodes were stained 
with celestine blue, dehydrated in an ethanol series, cleared in methyl 
salicylate, and mounted in Canada balsam (Beveridge, 2008). All parasites 
collected were identified to species when possible. 
Prevalence data were calculated separately for ectoparasites and 
helminths due to differing methods of collection. The data from ANWC 
were excluded because the total number of animals examined for each 
sample of parasites was unknown. Percentage prevalence of ectoparasites 
for P. delicatulus was calculated using a sample size of 23 and for 
helminths using a sample size of 42. Prevalence of helminths from P. 
gracilicaudatus was calculated using a sample size of 20. Helminth 
prevalence was calculated out of 17 for P. desertor and parasite prevalence 
for P. hermannsburgensis from 49. Descriptive terminology of parasites 
follows that of Bush et al. (1997), with the term 'assemblage' used to refer 
to the entire species richness of both endo- and ectoparasites infecting a 
specific host species. 
Species accumulation (or sample-based rarefaction) curves for helminth 
data from each rodent host were derived using the software program 
EstimateS (Colwell, 2006) as a measure of host sampling completedness. 
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The analytical Mao Tau method (Colwell et aI., 2004) was used to 
calculate estimates of species richness based on sub-samples of total 
pooled species richness of parasite component communities. Data could 
not be split by locality for each host species due to low species richness 
from each locality sampled. Ectoparasite data were excluded due to 
differing examination methods for museum specimens. 
RESULTS 
In all, 12 species of arthropods, 2 species of cestodes, and 13 
species of nematodes were recovered from 128 animals (42 P. 
delicatulus, 17 P. desertor, 20 P. gracilicaudatus, and 49 P. 
hermannsburgensis) and 9 additional samples of parasites from an 
unknown number of hosts (Table I). No protozoans, trematodes, 
or acanthocephalans were found. 
All host species were infested with at least 1 species of 
ectoparasite. Pseudomys desertor had the lowest ectoparasite 
species richness (1 species), followed by P. gracilicaudatus and P. 
hermannsburgensis (2 species each) and P. delicatulus (8 species). 
The mite L. spatanges was the only ectoparasite to be recorded 
from more than 1 host species. Putative new species of 
Hoplopleura (louse) were identified from each of P. delicatulus 
and P. desertor (see Weaver, 2007), 2 species of Guntheria 
(chigger) from P. delicatulus and P. gracilicaudatus, respectively, 
and a Laelaps sp. (mite) from P. gracilicaudatus that could only be 
identified to genus (Weaver, 2007). For P. delicatulus, new host 
and location records were noted for the chiggers Guntheria 
(Phyllacarus) dasycerci (Hirst 1929) and Guntheria (Phyllacarus) 
napierensis (Goff 1979), both collected from Clemant State 
Forest, and the mite, L. aella, from Townsville. New host and 
location records were made for the flea Bibikovana iridis (Holland 
1971) collected from P. hermannsburgensis from Napper Merrie 
Station, Queensland. New location records were made for L. 
spatanges from Clemant State Forest (ex P. delicatulus) and new 
host records for the tick Haemaphysalis humerosa Warburton and 
Nuttall 1909 and the flea Xenopsylla cheopis (Rothschild 1903), 
both collected from P. delicatulus. 
Adult Taenia taeniae/ormis (Batsch 1786) strobilocerci and a 
Mathevotaenia sp. were collected from P. hermannsburgensis and 
represent new host records. The Mathevotaenia sp., while being 
identified only to genus because of insufficient material, was 
considered a putative new species, only the fourth of this genus to 
be recorded from the Australo-Papuan region (I. Beveridge, pers. 
comm.; Beveridge, 2008). 
Of the nematodes, he1igmonellids occurred only in P. gracili-
caudatus and the heteroxynematid occurred only in P. hermanns-
burgensis, whereas the oxyurids were found in all host species. 
Pseudomys hermannsburgensis, with Syphacia brevicaudata Weav-
er and Smales 2008, S. pseudomyos Weaver and Smales 2008, and 
3 putative new species of Syphacia (see Weaver and Smales, 2008), 
harbored the most species. Pseudomys desertor and P. gracilicau-
datus, with S. brevicaudata and Syphacia helidonensis Weaver and 
Smales 2010, respectively, possessed the smallest number of 
oxyurid species. New host and location records were established 
for Nippostrongylus magnus (Mawson 1961) from P. gracilicau-
datus at Gladstone, Mount Morgan, Carnarvon, and Shoalwater 
Bay and Odilia mackerrasae (Mawson 1961) from P. gracilicau-
datus at Shoalwater Bay. A new host record was made for 
Aspiculuris tetraptera (Nitzsch 1821) from P. hermannsburgensis. 
Parasite prevalence (Table I) was generally low. Only 3 
ectoparasites, L. spatanges, Guntheria dasycerci, and Guntheria 
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TABLE I. Prevalence and intensity of infection of ectoparasites and hehninths occurring in four species of Pseudomys, from Queensland, Northern 
Territory and Western Australia (n/a = prevalence unable to be calculated, number of hosts unknown). 
Intensity of Locality (Queensland 
Parasite Prevalence (%) infection Site in host unless stated otherwise) Host 
Arthropoda 
Hoplopleuridae 
Hoplopleura sp. I 9' 1-5 Pelage Clemant State Forest P. delicatulus 
Hoplopleura sp. 2 nla 3 Pelage Mica Creek P. desertor 
Ixodidae 
Haemaphysalis humerosa 17' 1-12 Skin Townsville P. delicatulus 
Laelapidae 
Laelaps aella 4' 3 Clemant State Forest P. delicatulus 
Laelaps spatanges 91· 2-16 Pelage Clemant State Forest P. delicatulus 
nla nla Uluru (Northern Territory) P. hermannsburgensis 
Laelaps sp. nla I Pelage Blackbraes Resource Reserve P. gracilicaudatus 
Pulicidae 
Xenopsylla cheopis 9' Pelage Clemant State Forest P. delicatulus 
Pygiopsyllidae 
Bibikovana iridis nla Pelage Napper Merrie Station P. hermannsburgensis 
Trombiculidae 
Guntheria dasycerci 30· 1-44 Skin Clemant State Forest P. delicatulus 
Guntheria napierensis 26· 2-33 Skin Clemant State Forest P. delicatulus 
Guntheria sp. I 13* nla Skin Clemant State Forest P. delicatulus 
Guntheria sp. 2 nla 2-4 Skin Blackbraes Resource Reserve P. gracilicaudatus 
Platyhelminthes 
Anoplocephalidae 
Mathevotaenia sp. 2t 2 Small intestine Napper Merrie Station P. hermannsburgensis 
Taeniidae 
Taenia taeniae/ormis nla nla Liver Yulara (Northern Territory) P. hermannsburgensis 
Nematoda 
Heligmonellidae 
Nippostrongylus magnus 23t 1-108 Small intestine Gladstone, Helidon Hills, P. gracilicaudatus 
Carnarvon National Park, 
Shoalwater Bay 
Odilia mackerrasae nla 1-26 Small intestine Shoalwater Bay P. gracilicaudatus 
Odilia sp. 4t I Small intestine Helidon Hills P. gracilicaudatus 
Heteroxynematidae 
Aspiculuris tetraptera nla nla Cecum No locality given P. hermannsburgensis 
Oxyuridae 
Syphacia brevicaudata 4t 4-11 Cecum Nockatunga Station, Ethabuka, P. hermannsburgensis 
Yulara (Northern Territory) 
5§ 284 Mount Isa P. desertor 
Syphacia carnarvonensis 211 96 Cecum Carnarvon National Park P. delicatulus 
Syphacia helidonensis 4t 445 Cecum Helidon Hills P. gracilicaudatus 
Syphacia pseudomyos 4t 25-60 Cecum Ethabuka P. hermannsburgensis 
Syphacia sp. I lOt 3-45 Cecum Napper Merrie Station, P. hermannsburgensis 
Ethabuka 
Syphacia sp. 2 4t 12-18 Cecum Mount Leonard Station, P. hermannsburgensis 
Ethabuka 
Syphacia sp. 3 2t 13 Cecum Durrie Station P. hermannsburgensis 
Syphacia sp. 4 211 52 Cecum Townsville P. delicatulus 
Syphacia spp. 6t 1-8 Cecum Ethabuka, Tobermorey Station P. hermannsburgensis 
(Northern Territory), Mount 
Carnage (Western Australia) 
• Prevalence based on 42 individuals. 
t Prevalence based on 49 individuals. 
t Prevalence based on 20 individuals. 
§ Prevalence based on 17 individuals. 
II Prevalence based on 23 individuals. 
naperiensis and 1 helminth, N. magnus, were present in more than 
20% of hosts examined. While 12 species of ectoparasite were 
found, prevalence of each species was relatively low apart from L. 
spatanges (91 % ex. P. delicatulus), which was considered common, 
and 2 species of chiggers, G. dasycerci and G. napierensis (30% 
and 26% respectively). 
Pseudomys hermannsburgensis had the highest species richness 
of parasites, with a total of 11 species (2 ectoparasites and 9 
helminths), followed by P. delicatulus with 10 species (8 
ectoparasites and 2 helminths) and P. gracilicaudatus with 6 
species (2 ectoparasites and 4 helminths). Pseudomys desertor was 
the most depauperate with just 1 ectoparasite and 1 helminth. 
Pseudomys hermannsburgensis, with the highest number of hosts 
examined, had the highest species richness of parasites, as shown 
in the species accumulation curve, while P. gracilicaudatus had the 
second-highest helminth species richness despite almost half the 
sampling effort (Fig. 1). The curves for each did not reach an 
asymptote for any host, indicating that full helminth component 
communities of these species have not yet been discovered. 
DISCUSSION 
Much of Queensland was considered as being in drought 
during the 2003-2006 study (http;lIwww.longpaddock.qld.gov.aul 
queenslanddroughtmonitor/queenslanddroughtreportlindex. php), 
which may have contributed to the modest trap yield of animals 
and also to the low parasite prevalence recorded. There was a 
downward trend of trap captures in the localities sampled when 
compared with ecological survey data conducted at some of the 
same localities in non-drought-declared years (C. Dickman, pers. 
obs.). Given that the collection methods for the parasites were not 
uniform between live-trapped animals, museum specimens, and 
previously collected material, some parasites, if present, would 
have been missed, e.g., in lungs, liver, or mesenteries of museum 
specimens, and resulting in a reduction of ectoparasite abundance. 
Nevertheless, the data here represent the first survey information of 
parasite component communities of 4 species of Pseudomys. 
The species richness of ectoparasites for the 4 host species 
(mainly chiggers and laelapid mites) indicated the importance of 
nesting behaviors and close contact between individuals for the 
transmission of ectoparasites. The 2 rodents with the highest 
species richness of ectoparasites were also the most highly social. 
The solitary species, i.e., P. gracilicaudatus and P. desertor, 
exhibited comparably lower ectoparasite species richness. 
The lack of protozoan infections in the animals studied was 
surprising. Given the widespread distribution of feral cats across 
northern Australia (Denny, 2008), the evidence of Toxoplasma 
gondii (Nicolle and Manceaux 1908) infections in the tissue 
samples examined had been expected. Blood samples, however, 
were not assayed for antibodies and, therefore, the actual 
prevalence of protozoan infections cannot be accurately assessed. 
The absence of trematode and acanthocephalan infections, which 
require molluscs and arthropods, respectively, as intermediate hosts 
is most likely due to the dietary preferences of the hosts. The 
herbivorous species would be less likely to ingest intermediate hosts. 
The collection of a Mathevotaenia sp. from the insectivorous P. 
hermannsburgensis is not surprising, given that the species in this 
cestode genus typically have beetles as intermediate hosts (Lamom 
and Greer, 1986). Because feral cats are well established throughout 
Australia, including inland areas (Denny, 2008), the rmding of 
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FIGURE 1. Species accumulation curves for helminth parasites sampled 
from Pseudomys delicatulus, Pseudomys desertor, Pseudomys hermanns-
burgensis, and Pseudomys gracilicaudatus from localities in Queensland, 
Northern Territory, South Australia, and Western Australia. Numbers of 
localities sampled are in parentheses. 
strobilicerci of T. taeniae/ormis was congruent with the life cycle, 
which employs cats as definitive and rodents as intermediate hosts 
(Roberts and Janovy, 2000). What was not expected, however, was 
the very low prevalence of these worms in the host species. 
The helminth component communities of P. desertor, P. 
delicatulus, and P. hermannsburgensis were dominated by oxyurid 
nematodes. These nematodes, with direct transmission via eggs, 
have neither free-living stages nor do they require intermediate 
hosts. This life cycle strategy would be advantageous in both hot 
or dry locations. Oxyurids typically have a high degree of host 
specificity (Sorci et aI., 1997), as evidenced here, where all but 1 
(s. brevicaudata) occurred in separate host species. The helminth 
fauna of P. gracilicaudatus, occurring in damp coastal grasslands, 
was dominated by heligmonellid nematodes, differing from those 
of the other hosts. Heligmonellids are found in other related 
genera that also occur in coastal damp habitats, e.g., Melomys 
and Uromys (see Smales, 1997; Smales et aI., 2004; Smales, 2005; 
Smales and Spratt, 2008). These nematodes have also been 
recorded as occasional infections of inland species (Weaver and 
Smales, 2009). Their presence in P. gracilicaudatus is likely to be a 
result of the habitat preferences of these mice. The free-living 
larval stages of heligmonellid nematodes need to be ingested 
by potential hosts (Durette-Desset, 1985) and require humid 
conditions to prevent desiccation. Consequently, nematode 
survival would be reduced in a dry environment, particularly 
during prolonged drought, and is potentially the reason why 
heligmonellids were not found in the other host species. 
Species accumulation curves (for helminths only) were calcu-
lated to determine if the host sampling effort was comprehensive. 
Species richness of parasites per host was plotted against the 
number of hosts examined to determine how quickly parasites 
were discovered relative to survey effort (Dove and Cribb, 2006). 
Despite sampling 128 animals in total across 38 different 
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localities, the curves did not reach asymptotes. The helminth 
species richness observed here is, therefore, likely to be less than 
the actual species richness, giving the impression that the 
helminth component communities of the 4 species of Pseudomys 
studies are depauperate. Increased sampling effort, however, 
may reveal many new records and novel species, indicating that 
component communities are more speciose than appears in this 
study. 
In each case, the helminth communities found were relatively 
depauperate when compared with those from the related species 
Melomys burtoni (20 helminth species recorded from 16 localities) 
and Uromys caudimaculatus (24 helminth species recorded from 
16 localities) occurring in coastal habitats ( Smales et ai., 2004; 
Smales, 2005; Smales and Spratt, 2008). The evolutionary history 
of the Pseudomys group of species differs from those of Melomys 
and Uromys. The Pseudomys group is thought to be the first of the 
extant rodents to reach Australia and to have speciated in 
isolation. By comparison, species of Melomys and Uromys are 
thought to have had multiple migrations between Australia and 
New Guinea over time (Rowe et ai., 2008). The high species 
richness of oxyurids may provide support to the hypothesis of 
prolonged isolation of the Pseudomys group, especially in inland 
environments. The heligmonellid species found in the coastal P. 
gracilicaudatus, N. magnus, and O. mackerrasae are also found in 
species of related genera, Melomys and Uromys, as well as in the 
more recently arrived, now endemic, Rattus. Nippostrongylus 
magnus in particular is thought to be primarily a parasite of the 
endemic Rattus species and is considered to have been subse-
quently captured by both Melomys and Uromys (see Smales et ai., 
2004; Smales and Spratt, 2008). Given that the distribution of 
infection of N. magnus was relatively widespread (from 4 
localities; Table 1) in P. gracilicaudatus, it may have been 
captured by this host as well. Further sampling of rodent host 
populations is needed, however, to gain a more complete view of 
the entire parasite assemblage of each of the species of Pseudomys. 
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DESCRIPTION OF A NEW SPECIES OF BAT-ASSOCIATED ARGASID TICK 
(ACARI: ARGASIDAE) FROM BRAZIL 
Filipe Dantas-Torres, Jose M. Venzal*, Leopoldo F. O. Bernardit, Rodrigo L. Ferreirat, Valeria C. Onofrio:):, Arlei Marcili§, 
Sergio E. Bermudez II, Alberto F. Ribeiro#, Darci M. Barros-Battesti:):, and Marcelo B. Labruna§ 
Dipartimento di San ita Pubblica e Zootecnia, Facolta di Medicina Veterinaria, Universita degli Studi di Sari, Strada Provinciale per Casamassima 
km 3, Valenzano, Sari, 70010, Italy. e-mail: filipe.vet@globo.com 
ABSTRACT: A new species of argasid tick (Acari: Argasidae) is described from immature and adult specimens collected from several 
localities in Brazil. A complete morphological account is provided for all postembryonic life stages, i.e., larva, nymph, female, and 
male. Ornithodoros cavernicolous n, sp, is the ll3th in the genus. Morphologically, the new species shares common features, e.g., 
presence of well-developed cheeks and legs with micromammillate cuticle, with other bat-associated argasid ticks included in the 
subgenus Alectorobius. In particular, the new species is morphologically related to Ornithodoros azteci Matheson, with which it forms a 
species group. Phylogenetic analysis based on the 16S rRNA gene sequences supports the placement of the new species within a large 
clade that includes other New World bat-associated argasids. However, the new species seems to represent an independent lineage 
within the genus Ornithodoros. 
Argasid ticks embrace a diverse group of species, whose genus-
level classification has been disputed (Estrada-Perra et aI., 2010), 
In the most recent list of valid tick species, Guglielmone et aI. 
(2010) adopted the classical genus-level classification of the 
Argasidae proposed by Hoogstraal (1985), who considered the 
following genera as valid: Antricola Cooley & Kohls, Argas 
Latreille, Nothoaspis Keirans & Clifford, Ornithodoros Koch, and 
Otobius Banks. In this systematic framework, Ornithodoros is 
paraphyletic (Nava et aI., 2009) and includes most argasid 
representatives (Guglielmone et aI., 2010). In brief, the main 
reasons for the controversies surrounding the classification of the 
Argasidae is the lack of reliable morphological characters for 
species determination and the considerable, yet underestimated, 
species diversity within this family, Again, genetic data and 
information about the biology of most argasid species are also 
meager and certainly represent a hurdle to be surpassed toward 
resolving the systematics of the Argasidae. 
Insight derived from recent investigations suggests that the 
Brazilian argasid fauna is probably much more diverse than 
currently known. For example, 6 new argasid species, namely, 
Antricola delacruzi Estrada-Perra, Barros-Battesti & Venzal; 
Antricola guglielmonei Estrada-Perra, Barros-Battesti & Venzal; 
Antricola inexpectata Estrada-Perra, Barros-Battesti & Venzal; 
Ornithodoros fonsecai (Labruna & Venzal); Ornithodoros rondo-
niensis (Labruna, Terassini, Camargo, Brandao, Ribeiro & 
Estrada-Perra); and Nothoaspis amazoniensis Nava, Venzal & 
Labruna, have been described from Brazil during the past 6 yr 
(Estrada-Perra et aI., 2004; Labruna et aI., 2008; Labruna and 
Venzal, 2009; Nava et aI., 2010). Certainly, this indicates that our 
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current knowledge on the Brazilian argasid fauna has much more 
to be developed. 
Incidentally, the Brazilian tick fauna is currently known to 
include 63 species, of which only 19 belong to the family 
Argasidae (Dantas-Torres et aI., 2009; Labruna and Venzal, 
2009; Nava et aI., 2010). The genus Ornithodoros is the most 
representative of the family in Brazil, with the following species: 
Ornithodoros brasiliensis Aragao; Ornithodoros capensis Neu-
mann; 0. fonsecai; Ornithodoros hasei Schulze; Ornithodoros jul 
Schulze; Ornithodoros marinkellei Kohls, Clifford & Jones; 
Ornithodoros mimon Kohls, Clifford & Jones; Ornithodoros 
nattereri Warburton; 0. rondoniensis; Ornithodoros rostratus 
Aragao; Ornithodoros rudis Karsh; Ornithodoros setosus Kohls, 
Clifford & Jones; Ornithodoros stageri Cooley & Kohls; and 
Ornithodoros talaje Guerin-Meneville. The present work adds new 
data to the Brazilian argasid fauna, with the description of a new 
tick species belonging to Ornithodoros, and this genus now 
includes 113 species. A complete morphological account is 
provided for all postembryonic life stages, i.e., larva, nymph, 
female, and male. Phylogenetic analysis based on the 16S rRNA 
gene sequences supports the placement of the new species within 
a large clade that includes other New World bat-associated 
argasids. However, the new species seems to represent an 
independent lineage within the genus Ornithodoros. 
MATERIALS AND METHODS 
Tick collection 
Between January 1999 and July 2010, 49 ticks (9 larvae, 21 nymphs, II 
females, and 8 males) belonging to a new species were collected crawling 
freely on the ground, mainly on bat guano; in cracks and crevices on the 
wall and ceiling of caves; and in mines in different Brazilian states (Bahia, 
Ceara, Minas Gerais, Para, and Rio Grande do Norte). Ticks were 
collected directly from the substrata and immediately placed in labeled 
vials containing 70% ethanol. In addition, larvae (3 engorged and I 
partially engorged) collected in 10 October 2010 from bats captured in the 
municipality Orizona, Goias, were used for the species description. Ticks 
collected in the present study have been deposited in the following 
collections: ColeCao Nacional de Carrapatos, University of Sao Paulo, 
Brazil (CNC); ColeCao de Invertebrados Subterrfmeos de Lavras, Zoology 
Sector, Department of Biology, Federal University of Lavras, Minas 
Gerais, Brazil (ISLA); Acari Collection of the Butantan Institute, Brazil 
(IBSP); and the U.S. National Tick Collection, Statesboro, Georgia 
(USNTC). 
The tick collection of the Gorgas Memorial Institute provided for the 
present study 4 nymphs, 5 females, and 4 males of Ornithodoros azteci 
Matheson that were collected by H. Van Hom (collection date 20 March 
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FIGURE 1. Ornithodoros cavernicolous n. sp., female. (A) Dorsal view. (B) Ventral view. (C) Dorsal posterolateral integument. (D) Dorsal 
posterolateral mammillae. (E) Genital opening. Bars = 100 fim. 
1984) in Colon Province, not far (circa 37 km) from the type locality 
(Panama Canal Zone) of the aforementioned species. Moreover, I 
paratype female of O. azteci (IBSP-I063) collected from Carollia 
perspici//ata (Linnaeus), by L. H. Dunn (12 November 1930) in Summit, 
Panama Canal Zone, also was available for morphological comparisons. 
Morphological study 
Ticks were identified using morphological keys and original species 
descriptions of Ornithodoros spp. (Matheson, 1935, 1941; Cooley and 
Kohls, 1944; Kohls et aI., 1965, 1969; Jones and Clifford, 1972). 
Measurements for adults (males and females) and nymphs (large 
specimens only) were made using a stereomicroscope and are provided 
in millimeters, being expressed as mean followed by standard deviation 
and range within parentheses. Larvae were mounted in Hoyer's medium to 
make semi-permanent slides and examined and photographed by light 
microscopy for morphological and morphometric analyses using an 
Eclipse E200 optical microscope (Nikon, Tokyo, Japan). Measurements 
for larvae are in micrometers. For the description, 70 morphological 
features in total were observed, measured, or both using 9 larvae. 
Representative specimens of females, males, and nymphs were prepared 
for scanning electron microscopy as described previously (Corwin et aI., 
1979). 
Molecular study 
DNA was extracted from individual tick specimens using the guanidine 
isothiocyanate-phenol technique, as described previously (Sangioni et aI., 
2005). Extracted DNA samples were subjected to conventional polymerase 
chain reaction (PCR) targeting a fragment of approximately 460 base pairs 
of the mitochondrial 16S rONA (Mangold et aI. , 1998). PCR products of 
the expected sizes were purified and then directly sequenced using an ABI 
Prism 310 Genetic Analyzer (Applied Biosystems/Perkin Elmer, Foster 
City, California) with the same primers used in the PCR. The nucleotide 
sequences generated were deposited in GenBank under accessions 
JF714963 and JF714964. These sequences were manually aligned using 
GeneDoc software (http://www.nrbsc.org/downloads/) with sequences 
previously determined for other argasid species available in GenBank, 
and also with sequences of Ixodes holocyc/us Neumann and Ixodes uriae 
White (Ixodidae Murray) that were used as outgroup (accessions of all 
sequences are shown in the resulting phylogenetic tree). The phylogenetic 
tree was inferred by the maximum parsimony method using PAUP version 
4.0b10 (Swofford, 2002) with 500 replicates of random addition taxa and 
tree bisection and reconnection branch swapping; all positions were given 
equal weight. 
DESCRIPTION 
Ornithodoros cavernicolous Dantas-Torres, Venzal & Labruna n. 
sp. 
(Figs. 1-6) 
Female (Figs. I, 2; measurements based on allotype and 3 paratypes): 
Body elongate, in outline pyriform, broadly rounded posteriorly and 
narrowing gradually from behind fourth pair of legs; body 5.16 ± 0.27 
(4.85- 5.50) in length (from pointed anterior end to posterior body margin) 
and 3.09 ± 0.20 (2.88- 3.32) in maximum width; color light yellow in 
unfed, preserved specimens; lateral suture absent. Dorsal surface distinctly 
mammillated with minute setae between mammillae, which are larger and 
more distinct in the marginal areas; discs and eyes absent. Ventral surface 
distinctly mammillated, as dorsal surface, with minute setae between 
mammillae, more evident between legs; median and postanal grooves well 
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FIGURE 2. Ornithodoros cavernicolous n. sp. , female. (A) Capitulum. (B) Hypostome base. (C) Hypostome apice. (D) Spiracular plate. (E) Haller's 
organ. Bars = 100 ).lm. 
developed; genital opening located anteriorly, between coxae I and II, with 
anterior and posterior labia subequal in size; spiracular plate small, 0.16 ± 
0.03 (0.12-0.18) in maximum diameter, and semi-lunar in shape; anus 
elliptical, each valve provided with short setae. Basis capituli as wide as 
long, well chitinized; capitulum 0.60 ± 0.17 (0.44-0.84) long, extendable 
(when extended, basis capituli visible from above), situated in well-marked 
camerostome with movable cheeks, provided with short, peg-like setae on 
free margins; chelicerae elongate, sharply pointed shafts terminating in 
pointed digits; hypostome long, thin, with very small denticles not in 
clearly definite files on apical portion; pal pi as long as hypostome; article I 
twice as long as article 2 and longer than article 3; article 4 short, pointed, 
provided with several apical setae; long setae present on all palpal articles. 
Coxae I and II distinctly separated, first somewhat larger than second; 
coxae II to IV subequal in size and contiguous; coxal and supracoxal folds 
prominent; all legs provided with setae, varying in size and number; legs 
subequal in size, with leg I shortest and leg IV longest; tarsus I 0.63 ± 0.02 
(0.60-0.64) long; tarsus IV 0.87 ± 0.12 (0.70-1.00) long; hump 
("gibbosity") distinct on tarsus I, vestigial on tarsi II- IV; pulvilli absent; 
claws stout. 
Male (Figs. 3, 4; measurements based on holotype and 2 paratypes): 
Body essentially as described for female, except for being slightly smaller; 
length: 4.83 ± 0.53 (4.25-5.50); width: 2.92 ± 0.32 (2.52- 3.20). Dorsum as 
in female. Venter as in female, except that genital opening crescent-shaped 
at level of coxa I; spiracular plate small, 0.14 ± 0.0 I (0.12-0.16) in 
maximal diameter. Capitulum as in female; length: 0.61 ± 0.13 (0.44-
0.76). Legs as in female; tarsus I 0.59 ± 0.05 (0.54-0.66) long; tarsus IV: 
0.73 ± 0.09 (0.60-0.78) long. 
Nymph (Fig. 5; measurements based on 8 paratypes): Body as in female, 
except for being smaller; length: 2.78 ± 0.35 (2.25-3.35); width 1.44 ± 0.23 
(1.04-1.68). Dorsum as in female. Venter as in female, except for absence 
of genital opening; spiracular plate small, 0.1 1 ± 0.02 (0.08-0.14) in 
maximal diameter. Capitulum as in female, except pal pal articles; article I 
twice as long as article 3; article 2 shorter than article I; article 4 short, 
pointed, with several apical setae; length: 0.52 ± 0.11 (0.40-0.72). Legs as 
in female; tarsus I 0.40 ± 0.02 (0.38-0.42) long; tarsus IV 0.52 ± 0.05 
(0.44-0.60) long. 
Larva (Fig. 6; measurements based on 9 paratypes): Body narrowly 
elongate, expansion at level of first pair of legs and narrowed again at 
level of third pair of legs; length including capitulum 1,660; length 
without capitulum 1,366; width 927. Dorsal plate triangular in shape, 
broadest posteriorly; length 165 ± II (146-175); width 163 ± 11 (151-
180); dorsal surface provided with 15 pairs of setae, 7 anterolateral, 3 
central, and 5 posterolateral setae; anterolateral setae (AI): AI I length 
124 ± 6 (114- 131), Ah length 116 ± 5 (112-124), AI3 length 114 ± 8 
(105- 125), AI4 length 107 ± 6 (97- 112), Ais length 112 ± II (97- 129), 
AI61ength 110 ± 11 (97-124), AI7 length 117 ± 7 (110-124); central setae 
(C): C I length 106 ± 8 (97- 112), Cz length 96 ± 16 (83-114), C3 length 
89 ± II (80-102); posterolateral setae (PI): PI I length 92 ± 4 (88-97), Ph 
length 106 ± 8 (97-112), PI3 length 98 ± 3 (97-102), PI4 1ength 94 ± 3 
(90-97), PIs length 90 ± 10 (85-102). Ventral surface with 7 pairs of 
setae pI us pair on anal valves, I posteromedian seta present; 3 pairs of 
sternal setae (St): St l length 100 ± 19 (80- 117), St2 length 84 ± 3 (83-
88), St3 length 93 ± 5 (90- 97); I pair of postcoxal setae (Pc) length 92 ± 
6 (85- 97); 3 pairs of circumanal setae (Ca) : Cal length 71 ± 10 (63-83), 
Ca2 length 100 ± II (85-110), Ca3 length 115 ± II (102- 122); 
posteromedian setae (PM) length 86 ± 9 (73- 93). Basis capituli 
measuring 204 ± II (195-224) from posterior margin to PHI ; length 
from posterior margin of basis capituli to insertion of hypostome 261 ± 
13 (249- 285); length from posterior margin to apex of hypostome 420 ± 
13 (392-431); width 318 ± 17 (294-343); 2 pairs of post-hypostomal 
setae; Phi length 13 ± I (12-14), Phz length not determined (broken 
setae); distance between Phi setae 38 ± 2 (37-44), and between Phz setae 
118 ± 5 (110-124); palpi total length 304 ± 6 (294-313), segmental 
length/width from I to IV: (I) 76 ± 3 (73- 80)/47 ± I (46-49), (II) 84 ± 3 
(78-90)/49, (III) 93 ± 3 (85-97)/46 ± 2 (44-49), (IV) 44 ± I (44-46)/24; 
setae number on pal pal articles I- IV: (I) 0, (II) 4, (III) 5, and (IV) 9. 
Capsule of Haller's organ with reticulations. Hypostome length from 
Phi to apex 214 ± 7 (207- 227), and length from insertion of hypostome 
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FIGURE 3. Ornithodoros cavernicolous n. sp. , male. (A) Dorsal view. (B) Detail on dorsal anterior integument. (C) Detail on lateral view. (D) Ventral 
view. (E) Detail on dorsal posterior mammillae. Bars = 100 Ilm. 
in basis capituli to apex 161 ± 8 (151 - 175); width in medial basis portion 
of hypos tome 49 ± 3 (44-53) and in basis portion of hypostome 78 ± 6 
(73- 90); dental formula 4/4 in the anterior third and 2/2 posteriorly to 
base; file I with 12 to 14 (typically 13) dentic1es, file 2 with 10 to 13 
denticles, file 3 with 4 to 6 denticles, and file 4 with 3 to 5 denticles; 
corona in apex with 2 or 3 tiny denticles; apex blunt; basis of hypos tome 
enlarged with 2 or 3 denticles towards laterally; some basal denticles 
crowed and deformed. Three pairs of legs, subequal in size, provided 
with several setae of variable size and form; tarsus I 364 ± 15 (343- 392) 
long, 94 ± 2 (90-97) wide; setal formula: I pair apical (A), I distomedian 
(DM), 5 paracapsular (PC), I posteromedian (PM), 3 basal pairs (B), 
1 pair apicoventral (A V), 1 pair mid ventral (MV), 1 pair basiventral 
(BV), 1 pair anteroventral (AL), 1 pair midlateral (ML), and I pair 
posterolateral (PL). . 
Taxonomic summary 
Holotype: Male, collected in a cave (Gruta do Ubajara) (03°49'53.8"S, 
400 53'54.9''W), municipality of Ubajara, state of Ceara, Brazil, 30 
December 2006, by M. Souza-Silva. Deposited in the Cole<;ao Nacional 
de Carrapatos (CNC-1825). 
Allotype: Female, same data as holotype. Deposited in the Cole<;ao 
Nacional de Carrapatos (CNC-1825). 
Para types (an asterisk indicates thaI the specimen was measured): I 
nymph*, Toca do Morrinho (cave) (IOOI2'32"S, 400 55 '05"W), Campo 
Formoso, Bahia, 1-1999, R. L. Ferreira (USNTC); I nymph* and 2 
engorged larvae* (J larvae measured), Lapa do Caboclo (cave) 
(15°05'18.74"S, 44°16'02.61"W), Itacarambi, Minas Gerais, 22-VII-2003, 
R. L. Ferreira (CNC-1828, 1841; USNTC); 2 males and I nymph, Lapa do 
Mosquito (cave) (18°37'34"S, 44°24'45"W), Curvelo, Minas Gerais, IX-
2004, L. F. O. Bernardi (ISLA-7IO); I male and 2 nymphs* (I nymph 
destroyed for DNA extraction), Gruta do Ubajara (cave) (03°49'53.8"S, 
400 53'54.9"W), Ubajara, Ceara, 30-XII-2006, M. Souza-Silva (CNC-
1826); I larva, Gruta do Morcego Branco (cave) (3 °49'58A"S, 
400 54'03 .20''W), Ubajara, Ceara, 3-1-2007, M. Souza-Silva (CNC-1897); 
2 females* (I female destroyed for DNA extraction), Furna do Araticum 
(cave) (03°48' 12.6"S, 41 °00'03.5"W), Ubajara, Ceara, 1-2007, R. L. 
Ferreira (USNTC); 1 male* and I nymph (this nymph was destroyed 
for DNA extraction), Casa de Pedra (cave) (06°04'16.7"S, 37°53'02.6"W), 
Martins, Rio Grande do Norte, 1-2007, R. L. Ferreira (IBSP-10640); I 
female* , 5 nymphs* (4 nymphs measured), and I engorged larva, Gruta do 
Roncador (cave) (05°35'50A"S, 37°49'39.5"W), Apodi, Rio Grande do 
Norte, VII-2007, R. L. Ferreira (CNC-1827, 1842; IBSP-I064l); 1 male* 
and I engorged larva*, Gruta da Carrapateira (cave) (05°33'36.8"S, 
37"39'49.2"W), Felipe Guerra, Rio Grande do Norte, VII-2007, R. L. 
Ferreira (CNC-l843; USNTC); 1 nymph, Gruta do loio (cave) 
(l2°23'34"S, 41 °33'13"W), Palmeiras, Bahia, XII-2008, L. F. O. Bernardi 
(ISLA-702); 1 nymph, Lapa do Convento (cave) (lO0 02'56"S, 
40043'37''W), Campo Formoso, Bahia, 1-2008, R. L. Ferreira (ISLA-
706); I nymph, Gruta da Abelha ltaliana (cave) (05°33'38.846.5"S, 
37"39'39.5"W), Felipe Guerra, Rio Grande do Norte, 1-2008, R. L. 
Ferreira (ISLA-703); 3 nymphs and 2 larvae*, Toca da Barriguda (cave) 
(lOD08'26"S, 400 5l'08''W), Campo Formoso, Bahia, VII-2008, R. L. 
Ferreira (CNC-1844); 1 male and I nymph, Toca da Barriguda (cave) 
(10008'26''S, 400 51'08''W), Campo Formoso, Bahia, 1-2009, R. L. Ferreira 
(ISLA-70l); 1 nymph, Toca do Pitu (cave) (lOD07'43.6"S, 400 50'16.7''W), 
Campo Formoso, Bahia, VII-2009, R. L. Ferreira (ISLA-704); I nymph, 
Toca do Ossos (cave) (loo55'52"S, 4I o03'24"W), Ourolandia, Bahia, VII-
2009, R. L. Ferreira (ISLA-707); 1 female, Tunel da Fazenda do Sol V 
(mine) (l6°20'35.4"S, 41 °27'03.7"W), Medina, Minas Gerais, 15-VII-2009, 
L. F. O. Bernardi (ISLA-700); 1 male, Gruta dos Tres Saloes (cave) 
(200l5'46.5"S, 45°38'08A"W), Arcos, Minas Gerais, 2009, R. A. Zam-
paulo (ISLA-709); 1 female, Gruta do Trinta (cave) (05°12'44.3"S, 
37°15'5I.l"W), Mossoro, Rio Grande do Norte, II-VI-201O, D. Bento 
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FIGURE 4. Ornithodoros cavernicolous n. sp., male. (A) Capitulum. (8) Hypostome base. (C) Haller's organ. (D) Genital opening. Bars = 100 11m. 
(ISLA-1437); I nymph and 4 females, Gruta do Calixto (cave) 
(13°17'3520"S, 41 °03'4790"W), Iramaia, Bahia, 01-1-2010, L. F. O. 
Bernardi (ISLA-706); 2 larvae*, Furna do Fim do Morro (cave) 
(l00 38'2S.8"S, 37°S2'02.S"W), Paripiranga, Bahia, 1-2010, L. F. O. 
Bernardi (CNC-1898); 1 larva* from C. perspicillata, 2 larvae* from 
Desmodus rotundus (E. Geoffrey), I larva (internal contents taken off for 
DNA extraction) from Anoura caudifer E. Geoffroy, Orizona (l7"02'02"S, 
48°17'S2"W), Goias, 10-X-201O, A. M. Souza and A. D. Cabral (CNC-
1830, 1839, 1840; IBSP-I0642; USNTC); 1 female, Caverna SL-092 (cave) 
(OSOS7'32.482S1"S, 49°38'06.24857"W), Parauapebas, Para, 22-VIl-20I0, 
R. A. Zampaulo et al. (CNC-1940). 
Hosts and distribution: Larvae of 0. cavernicolous were collected from 3 
species of bats (A. caudifer, C. perspicillata, and D. rotundus). Hosts for 
nymphs and adults are unknown, but the finding of at least 2 engorged 
females suggests that they are active feeders. The species is widespread in 
Brazil, occurring in at least 6 states (Bahia, Ceara, Goias, Minas Gerais, 
Para, and Rio Grande do Norte) located in 4 geographical regions (north, 
northeast, southeast, and central west). The distribution of O. cavern ic-
olous n. sp. is likely to follow the distribution of its bat hosts, which are 
widespread throughout the country (Reis et aI., 2007). 
Etymology: The specific epithet derives from the Latin caverna 
(=cavern) and colO (=to inhabit), in allusion to the habitat where this 
species was found. 
Remarks 
Adults and nymphs of O. cavernicolous are easily separated from their 
congeners by the following combination of characters: body outline 
pyriform; disks absent; hypostome long, thin, with only very small 
denticles on the apical portion; capitulum extendable, being basis capituli 
visible from above when extended; presence 2 setae at the beginning of the 
posterior third of hypostome; and presence of vestigial humps on tarsi Il-
IV. Larvae of 0. cavernicolous are distinct in having IS pairs of dorsal 
setae; triangular and small dorsal plate; 3 pairs of basal setae on tarsus I; 
and hypostomal dentition with 4/4 in the anterior portion, being file I with 
12 to 14 denticles, file 2 with 10 to 13 denticles, file 3 with 4 to 6 denticles, 
and file 4 with 3 to S denticles. 
16S rRNA gene sequences and phylogenetic position 
PCR products were amplified from 4 specimens (1 female from Furna 
do Araticum, Ubajara, Ceara; 1 nymph from Gruta do Ubajara, Ubajara, 
Ceara; 1 nymph from Cas a de Pedra, Martins, Rio Grande do Norte; and 
I larva from Orizona, Goias) of 0. cavernicolous and generated 2 
genotypes of 428 nucleotides of the 16S rRNA gene, with the female 
sequence differing by a single nucleotide (G to A) from the nymphal 
and larval sequences. By BLAST analysis, these partial sequences of 
the 16S rRNA gene of 0. cavernicolous indicated a relationship with 
0. rondoniensis (EU090907), 0. capensis (AB076080), N. amazoniensis 
(HM047069), and 0. mimon (GUI98362), but with relatively low (83-
84%) sequence identities. Phylogenetic analysis based on the 16S rRNA 
gene sequences supports the placement of 0. cavernicolous within a large 
clade that includes all New World bat-associated argasids for which 
sequences are available. However, the new species seems to represent an 
independent lineage within Ornithodoros that will probably include its 
closest congener O. azteci. At least S specimens of 0. azteci from Panama 
were subjected to DNA extraction and PCR testing, but no amplification 
was achieved, possibly because these specimens have been conserved in 
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FIGURE 5. Ornithodoros cavernicolous n. sp., nymph. (A) Dorsal view (bar = 500 )lm). (B) Capitulum (bar = 100 )lm). (C) Hypostome apice (bar = 
20 )lm). (D) Detail on dorsal posterior integument (bar = 100 )lm). (E) Detail on dorsal anterior integument (bar = 100 )lm). (F) Haller's organ (bar = 
50 )lm). 
FIGURE 6. Ornithodoros cavernicolous larva. (A) General view of a slightly engorged larva (bar = 900 )lm). (B) Dorsal view of dorsal setae: AI, 
anterolateral setae; C, central setae; PI, posterolateral setae (bar = 300 )lm). (C) Dorsal plate (bar = 80 )lm). (D) Hypostome (bar = 70 )lm). (E) Tarsus I 
setae: A, apical: I pair; DM, distomedian: I seta; PC, paracapsular: 5 setae; PM, posteromedian: I seta; B, basal: 3 pairs; A V, apicoventral: 1 pair; MV, 
midventral: I pair I; BV, basiventral: 1 pair; AL, anteroventral: I pair; ML, midlateral: 1 pair; PL, posterolateral: I pair (bar = 50 )lm). 
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FIGURE 7. Phylogenetic tree based on 34 Argasidae ticks and 2 species of Ixodes (outgroup). The alignment of 384 characters was used for maximum 
parsimony inferences. Bootstrap confidence levels (from 500 replications) ~50% are shown above the branches. Numbers in parentheses are 
GenBank accessions. 
70% ethanol for a long time (since 1984), resulting in DNA degradation. 
The phylogenetic tree (Fig. 7) generated here possessed several interesting 
features. In particular, Ornithodoros sonrai Sautet & Witkowski is not 
monotypic, and Argas vespertilionis (Latreille) is included within a group 
of species belonging to the subgenera Pavlovskyella Pospelova-Shtrom and 
Ornithodoros Koch. Remarkably, the latter feature contradicts the idea 
that A. vespertilionis is the type species for Carios Latreille species as 
proposed in the classification of Argasidae of Kiompen and Oliver (1993). 
In the same way, the tree demonstrates that Argas is paraphyletic, with the 
inclusion of A. vespertilionis. Certainly, the level of resolution of the tree 
branch encompassing most Ornithodoros species is poor, sometimes being 
supported by low bootstrap values «50%). Undoubtedly, new sequences 
and new gene targets need to be generated to resolve the phylogeny of 
Argasidae, particularly to better define the generic and subgeneric position 
of most species included in Ornithodoros. 
Species relationships 
Ornithodoros cavernicolous clearly forms a species group with O. azteci 
(the type species of the group), designated hereafter as the "Ornithodoros 
(Alectorobius) azteci group." Both species are classified placed into the 
subgenus Alectorobius Pocock that includes argasid species whose adults 
have cheeks and legs with micromammillate cuticles. Moreover, both 
species have a body in pyriform outline and hypostome that is long and 
thin, with minute denticles on the apical portion (Matheson, 1935). 
The definition of Alectorobius provided by Clifford et al. (1964) is 
obsolete. Originally, this subgenus included larvae with pointed hypo-
stome, but it now includes 3 species whose larvae present hypos tome 
bluntly pointed anteriorly (0. azteci, O. capensis, and O. cavernicolous). 
Moreover, the subgenus now contains several species with capsule of 
Haller's organ with reticulations (Ornithodoros yumatensis Cooley & 
Kohls, Ornithodoros brodyi Matheson, Ornithodoros dyeri Cooley & 
Kohls, O. azteci, Ornithodoros rossi Kohls, Sonenshine & Clifford, and O. 
cavernicolous n. sp.). According to Kohls et al. (1965), larvae of species 
belonging to Alectorobius have a dorsum with 14-25 pairs of setae; dorsal 
plate present, elongated or pyriform; hypos tome usually pointed 
anteriorly, with denticIes throughout its length, dentition 3/3 to 515 in 
anterior portion; and short PH, setae. In O. cavernicolous larvae, the 
dorsal plate is typically triangular. In their re-description of the O. azteci 
larva, Kohls et al. (1965) mentioned a moderately large dorsal plate that is 
triangular to pyriform in shape. Thus, besides the fact that these authors 
could have been dealing with more than I species under the name O. 
azteci, their description for larvae belonging to the subgenus Alectorobius 
also should be amended. Indeed, larvae belonging to this subgenus might 
present an elongate dorsal plate that is pyriform or triangular in shape; a 
blunt hypostome; and denticIes that may be absent from a portion at the 
base of hypos tome, as in Ornithodoros rioplatensis Venzal, Estrada-Pefia & 
Mangold. 
The original description of O. azteci larva by Matheson (1935) is oflittle 
use. For this reason, larval comparisons in the present study were carried 
out with the re-description performed by Kohls et al. (1965) that is based 
mainly on specimens collected from bats in Trinidad. In this regard, O. 
cavernicolous larvae have 15 pairs of dorsal setae, whereas O. azteci larvae 
from Trinidad possess from 17 to 21 pairs of dorsal setae. Another 
important difference is in the dorsal plate that is triangular to pyriform in 
Trinidadian larvae, averaging 205 ~ in length and 185 !-lm in width. In 
contrast, O. cavernicolous larvae presented a small (165 ~ in length and 
163!-lm in width, on average) triangular dorsal plate. The larva of O. azteci, 
Kohls et al. (1965) have 2 pairs of basal setae (B) on tarsus I, and Kiompen 
(1992) mentioned the presence of additional dorsal setae in 0. azteci. In 
O. cavernicolous larvae, 3 pairs of basal setae on tarsus I were observed. 
Adults of O. cavernicolous seem to be slightly wider than those of O. 
azteci. Noteworthy, O. azteci adults from Panama have humped tarsi, that 
is, they present a distinct "gibbosity" (hump) on tarsi I to IV. Indeed, in 0. 
cavernicolous adults, these protuberances are distinct on tarsus I, but 
vestigial on tarsi II-IV (Fig. 8). Likewise, O. azteci adults from Panama 
present distinctly elevated mammillae in the preanal region that are not 
observed in 0. cavernicolous (Fig. 9). According to Clifford et al. (1964), 
by definition, adults belonging to the subgenus Alectorobius have an 
integument with distinct mammillae and discs. However, the integument 
of adult 0. azteci and O. cavernicolous lacks evident discs. 
DISCUSSION 
In the present study, a new species of Ornithodoros is described 
based on tick specimens collected from different Brazilian regions. 
The new species, namely, O. cavernicolous, forms a species group 
with 0. azteci that is designated as the "Ornithodoros (Alector-
obius) azteci group." The new species extends the known 
geographical distribution of this species group toward the south, 
but it seems to be widespread in South America, Central America, 
Mexico, and the Caribbean region (Matheson, 1935, 1941; Cooley 
and Kohls, 1944; Kohls et aI., 1965; Guglie1mone et aI., 2003). 
Probably, the wide geographical range of members of the O. CA.) 
azteci group is also a result of the widespread distribution of their 
DANTAS-TORRES ET AL.-NEW ARGASID TICK SPECIES FROM BRAZIL 43 
FIGURE 8. Ornithodoros azteci species group tarsi I-IV. (A) Tarsus 1, adult 0. cavernicolous n. sp. (B) Tarsus I , adult 0. azleci. (C) Tarsus II, adult 0. 
cavernicolous n. sp. (D) Tarsus II , adult 0. azteci. (E) Tarsus III, adult 0. cavernicolous n. sp. (F) Tarsus Ill , adult 0. azteci. (G) Tarsus IV, adult 0. 
cavernicolous n. sp. (H) Tarsus IV, adult O. azteci. Bars = 100 11m. 
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FIGURE 9. Ornithodoros azteci species group anus and supra-anal integument. (A) Female O. cavernicolous n. sp. (B) Female 0. azteci. (C) Male O. 
cavernicolous n. sp. (D) Male 0. azteci. Bars = 100 ).1m. 
hosts, i.e., frugivorous, hematophagous, and insectivorous bats 
(Kohls et a!., 1965). 
Larvae of 0. cavernicolous are parasitic on bats. The hosts of O. 
cavernicolous adults are unknown, but the finding of at least 2 
engorged females suggests they are active feeders. The mouthparts 
of adults of argasid ticks vary enormously in terms of 
morphology, and this has been related to their feeding habits. 
For example, it has been speculated that adults of Antricola spp. 
probably do not feed because of their poorly developed 
mouthparts (Oliver, 1989). Antricola spp.-like hypos tomes also 
have been observed in a recently described Ornithodoros species 
(Labruna et a!., 2008). The hypos tome of nymphs and adults of 
O. (A.) azteci group ticks, i.e., 0. azteci and 0. cavernicolous, is 
unique and suggests that they are very specialized blood feeders. 
The presence of I pair of setae at the beginning of the posterior 
third of hypostome also indicates that nymphs and adults do not 
insert the whole hypostome into the host's skin. Again, the 
existence of very reduced denticles restricted to the apical portion 
of hypostome suggests that they are superficial feeders. Unfed 
adults and nymphs of 0. cavernicolous were found crawling freely 
on the ground, mainly on bat guano, and in cracks and crevices 
on the wall and ceiling of several Brazilian caves. Although the 
possibility that adults and nymphs of O. cavernicolous can 
eventually feed on ground animals cannot be ruled out, it is very 
likely that they use bats as primary hosts. 
Since the works of Kohls et a!. (1965, 1969) and Jones and 
Clifford (1972), the identification of argasid species has largely 
been based on the morphology of larvae, because nymphs and 
adults are often inadequate for taxonomy due to the lack of 
external characters suitable for species identification (Venzal et a!., 
2008; Estrada-Pefia et a!., 2010). However, a few Neotropical bat-
associated argasid species have been identified based on adult 
external morphology, e.g., 0. rondoniensis (Labruna et a!., 2008), 
0. marinkellei (Labruna et a!., 2011), and O. azteci (Cooley and 
Kohls, 1944). Adults of O. cavernicolous also present a unique 
combination of characters that allow its easy separation from all 
other species of Ornithodoros. The same is true for nymphs of 0. 
cavernicolous that are easily distinguished from its congeners. 
Incidentally, in the present study, only large nymphs were 
measured, and the number of nymphal instars presented for the 
new species is unknown. 
The present work suggests that ticks previously identified as 0. 
azteci might actually represent a distinct species. In fact, the 
number of dorsal setae (ranging from 17 to 21 pairs) and the 
shape of dorsal plate (triangular to pyriform) reported for 0. 
azteci larvae by Kohls et al. (1965) might indicate that they were 
dealing with more than 1 species. In this context, further field 
studies in countries such as Panama, Trinidad, Venezuela, and 
Brazil are needed to better define the so-called 0. (A.) azteci 
group. 
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DOES SUNLIGHT ENHANCE THE EFFECTIVENESS OF AVIAN PREENING FOR 
ECTOPARASITE CONTROL? 
Jennifer A. H. Koop*, Sarah K. Hubert, and Dale H. Clayton 
Department of Biology, University of Utah, Salt Lake City, Utah 84112. e-mail: jenniferkoop@email.arizona.edu 
ABSTRACT: Preening is a bird's first line of defense against harmful ectoparasites. Ectoparasites, in tum, have evolved adaptations for 
avoiding preening such as hardened exoskeletons and escape behavior. Earlier work suggests that some groups of ectoparasites, such as 
feather lice, leave hiding places in feathers that are exposed to direct sunlight, making them more vulnerable to preening. It is, 
therefore, conceivable that birds may choose to preen in direct sunlight, assuming it improves the effectiveness of preening. Using 
mourning doves and their feather lice, we tested 2 related hypotheses; (I) that birds with access to direct sunlight preen more often than 
birds in shade, and (2) that birds with access to direct sunlight are more effective at controlling their ectoparasites than birds in shade. 
To test these hypotheses, we conducted an experiment in which we manipulated both sunlight and preening ability. Our results 
provided no support for either hypothesis, i.e., birds given the opportunity to preen in direct sunlight did not preen significantly more 
often, or more effectively, than did birds in shade. Thus, the efficiency of preening for ectoparasite control appears to be independent 
of light intensity, at least in the case of mourning doves and their feather lice. 
Birds have a variety of adaptations for combating ectoparasites, 
ranging from immunological responses (Owen et aI., 2010) to 
morphological and behavioral defenses (Clayton et aI., 2010). 
Preening behavior, which is usually the first line of defense, is 
effective against different groups of ectoparasites including fleas, 
lice, flies, mites, and ticks (Marshall, 1981). Preening has an 
energetic cost (Wooley and Owen, 1978) and it interferes with the 
ability of birds to engage in other behaviors such as feeding or 
anti-predator vigilance (Redpath, 1988). Despite these tradeoffs, 
the ubiquity of preening indicates that it plays a very important 
role, both for ectoparasite defense and other functions such as 
straightening and cleaning of the feathers. Across taxa, birds spend 
an average of9.2% of their time performing maintenance behavior, 
the large majority of which consists of preening (Cotgreave and 
Clayton, 1994). Other maintenance behaviors include scratching, 
bathing, dusting, sunning, and anting (Simmons, 1964). For a recent 
review of the role of preening and other maintenance behaviors in 
ectoparasite control, see Clayton et aI. (2010). 
Ectoparasites have a variety of morphological and behavioral 
adaptations for escaping host preening (Marshall, 1981). For 
example, lateral or dorso-ventral flattening of the body facilitates 
the rapid movement of parasites across feathers to escape 
preening. Most ectoparasites also have a thick cuticle that helps 
protect them from being crushed by the bill. Ectoparasites can 
also escape host preening by hiding; for example, some feather lice 
(Insecta: Phthiraptera) hide between the barbs of flight feathers 
or they burrow into the downy regions of abdominal contour 
feathers (Bush et aI., 2006). Recent work shows that cryptic 
coloration is yet another way in which feather lice can escape host 
preening (Bush et aI., 2010). Species of host-specific feather lice on 
light-colored birds are lighter in color than species oflice on dark-
colored birds. Interestingly, species of lice confined to the head, 
which a bird can neither see nor preen, are not cryptically colored. 
The work by Bush et aI. (2010) indicates that preening for 
ectoparasite control has an important visual component. The 
efficiency of preening for ectoparasite control may increase under 
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bright light because most ectoparasites are negatively phototactic 
(Stenram, 1956; Marshall, 1981). Exposure to bright light causes 
some groups, such as feather lice, to move out of interbarb 
spaces and across the feathers. The movement of lice from inter-
barb spaces increases their vulnerability to preening, but it may 
also provide a visual stimulus for preening behavior, leading to 
increased preening when birds are in bright light (Caldwell et aI., 
2001). These observations yield 2 simple predictions. First, birds 
in bright light, such as direct sunlight, should preen more 
frequently than birds in shade. Second, birds given an opportu-
nity to preen in direct sunlight should eliminate more ectopara-
sites than birds kept in the shade. 
To test these 2 hypotheses, we conducted an experiment with 
captive mourning doves (Zenaida macroura) and their feather 
lice (Columbicola baculoides). Like all such lice, C. baculoides 
are permanent ectoparasites that spend their entire life cycle on 
the body of the host (Marshall, 1981). Columbicola spp. feed 
primarily on feathers and dead skin and decrease host mating 
success, thermoregulatory ability, and survival (Clayton, 1990; 
Booth, 1993; Clayton et aI., 1999). They will, therefore, exert 
selection on the host for efficient preening and other defenses 
(Clayton et aI., 1999). 
MATERIALS AND METHODS 
Forty-eight mourning doves were captured using mist nets near Tucson, 
Arizona. They were transported to the University of Utah, Salt Lake City, 
Utah where they were housed individually in 30 X 30 X 56-em wire mesh 
cages in a windowless animal room with a full-spectrum fluorescent 
lighting. All birds were maintained on a 12 hr lightll2 hr dark cycle and 
provided grain, grit, and water ad libitum. These birds were used to 
culture lice for other experiments for over a year. They were then used in 
the experiment described herein before being killed as required by our 
IACUC committee. All research was conducted under IACUC protocol 
# 05-08009. 
For 15 wk prior to the start of the experiment, we reduced relative 
humidity (rh) in the animal room to a low level «30%) to kill 100% of the 
lice and eggs already present on the birds (Harbison et aI., 2008). After the 
15-wk period, all birds were visually examined for 30--60 sec in each of the 
following body regions: head, keel, back, rump, wings, and tail (Clayton 
and Drown, 2001). No lice were found on any of the 48 birds, confirming 
the effectiveness of the low-humidity procedure. 
We used a 2 X 2 factorial design to investigate the effects of light 
exposure on preening and louse abundance. Birds were randomly assigned 
to a sun or shade treatment. Each group was further randomly subdivided 
into bitted (preening impaired) or not bitted (preening unimpaired) groups 
for a total of 4 treatments with 12 birds per treatment. Preening was 
impaired using plastic, C-shaped bits that fit between the mandibles of the 
bird's bill. Bits create a 1-3 mm gap between the mandibles that disrupts 
the occlusion of the bill tips required for efficient preening but without 
affecting feeding ability (Clayton et aI., 2005). Birds in the unimpaired 
preening group were handled similarly to bitted birds. One week later, 
each clean bird was "seeded" with 100 adult C. baculoides from a culture 
stock using methods described in Moyer et al. (2002). Throughout the 
experiment, the animal room was set at 24 C and 50% rh---conditions at 
which C. baculoides thrive on captive mourning doves (Malenke et aI., 
2011). 
Two days after the 48 birds were seeded with lice, sunlight manipulation 
treatments were initiated. These treatments involved 2-hr sessions each 
morning, during which all 48 cages were moved outdoors 2 hr after 
sunrise. Half of the cages were randomly assigned to the shade group, 
which had cotton fabric covering the top and side of the cage that faced 
the early morning sun. The cages of birds assigned to the sun group 
remained uncovered. The sessions took place in the early morning to 
prevent any risk of heat stress. Data loggers (HOBO@ U12-001, Onset, 
Cape Cod, Massachusetts) placed directly on a subset of cages in the sun 
or shade recorded temperature and relative humidity. The experiment 
lasted 20 days (14 September 2007-3 October 2007). Columbicola take a 
mean (±SE) of 24.4 (±0.3) days to mature to the adult stage from eggs 
(Martin, 1934). Therefore, the 20-day duration for the experiment was 
chosen because it allowed us to test for effects of treatment on the survival 
of a single cohort of lice. 
The 48 cages were arranged randomly within a grid each morning. Each 
cage was in full view of I of2 observers (JAHK or SKH). At the end of the 
2-hr period, cages were transferred back to the animal room. On overcast 
or rainy days (3 days in total), cages were not placed outdoors. During 
each session, the observers recorded preening and other behaviors using 
instantaneous scan sampling (Altmann, 1974). They recorded a total of 30 
observations per bird per day with each observer making half of the 
observations for each bird. 
At the end of the experiment, all birds were killed, placed individually in 
plastic bags, and frozen. Later, each bird was thawed and subjected to a 
body washing procedure that accounts for 99% of the lice on a bird 
(Clayton and Drown, 2001). A 2-way ANOVA was used to test for an 
effect of treatment (light exposure and bitting) on preening behavior and 
louse abundance. All values are presented as the mean (± SE). Analyses 
were done in Prism v.5.0 (GraphPad Software, Inc., La Jolla, California). 
RESULTS 
Temperature and rh varied predictably with treatment. Temper-
ature in the sun, which was 20.79 ±0.18 C, was significantly greater 
than temperature in the shade, which was 17.01 ± 0.18 C (Mann-
Whitney, U = 89377, P < 0.0001). Over the course of the 
experiment, maximum temperature in the sun reached 29.7 C and 
maximum temperature in the shade reached 24.9 C. The rh was 
significantly lower in the sun, where it was 28.0 ± 0.4%, compared 
to the shade where it was 34.7 ± 0.4% (U = 101105, P < 0.0001). 
Neither sunlight nor bitting had a significant effect on the frequency 
of preening observed among groups (2·way ANOV A: light treatment, 
F1, 44 = 1.22, P = 0.28; bitting treatment, F1, 44 = 0.002, P = 0.96; 
light X bitting interaction, F1, 44 = 0.08, P = 0.78; Fig. 1). In contrast, 
there was a strong effect of bitting on adult louse abundance (bitting 
treatment, F1, 44 = 18.46, P < 0.0001). However, there was no effect of 
sunlight on adult louse abundance nor an interaction between sunlight 
and bitting (light treatment, F1, 44 = 0.07, P = 0.79; light X bitting 
interaction, F1, 44 = 0.04, P = 0.84; Fig. 2). 
The frequencies of 2 other bird behaviors were also independent 
of treatment. There was no significant difference in the frequency 
of feeding between groups (light treatment, F1, 44 = 1.54, P = 
0.22; bitting treatment, h 44 = 1.29, P = 0.26; light X bitting 
interaction, F1, 44 = 0.65, P = 0.42) nor was there a difference in 
the frequency of resting (light treatment, F1, 44 = 2.78, P = 0.10; 
bitting treatment, F1, 44 = 0.001, P = 0.96; light X bitting 
interaction, F1, 44 = 2.63, P = 0.11). 
KOOP ET AL.-PREENING, SUNLIGHT, AND ECTOPARASITES 47 
20 
g> 15 
'c 
Q) 
IE 
c. 
-c Q) 
C. 
III 
Q) 
E 
i= 
10 
5,~--.-------.-------.-------.----
Sun-NB Sun-B Shade-NB Shade-B 
Treatment 
FIGURE 1. Mean (±SE) percent time spent preening for each treatment 
group: exposed to sun (Sun), exposed to shade (Shade), not bitted (NB), 
and bitted (B). 
In contrast, there was an effect of sunlight on sunning, a 
behavior in which birds spread their wing and tail feathers while 
lying prone on the ground (light treatment, F1, 44 = 13.02, P < 
0.001). Only birds with access to direct sunlight performed 
sunning behavior. However, sunning behavior was very uncom-
mon, accounting for less than 1 % of all behavior. There was no 
significant effect of bitting on sunning behavior nor an interaction 
between sunlight and bitting (bitting treatment, F1, 44 = 2.46, P = 
0.12; light X bitting interaction, F1, 44 = 2.457, P = 0.12). 
DISCUSSION 
The goal of this study was to explore the relationship between 
sunlight and preening for ectoparasite control. First, we tested the 
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FIGURE 2. Mean (±SE) number of adult lice at the end of the 
experiment: exposed to sun (Sun), exposed to shade (Shade), not bitted 
(NB), and bitted (B). 
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hypothesis that birds with an opportunity to preen in sunlight 
would preen more frequently than birds in shade. We also tested 
whether preening in sunlight is more effective at controlling 
ectoparasites than preening in the shade. To eliminate variation in 
parasite load at the start of the experiment, parasite-free birds 
were "seeded" with identical numbers of lice. We increased the 
probability of detecting effects on parasite load by infesting birds 
with 100 lice each-4-fold the number found on wild mourning 
doves in Utah (mean = 23.8, Malenke et aI., 2011). At the end of 
the experiment, birds were killed and louse populations measured 
using a washing method that quantifies parasite load very 
accurately (Clayton and Drown, 2001). In summary, our experi-
mental approach should have allowed us to detect even small 
treatment effects. By manipulating both access to sunlight and 
preening ability, the design of this experiment allowed us to test for 
direct and indirect effects of each factor on preening efficiency. 
Sunlight may cause lice to move on feathers, increasing their 
vulnerability to host preening and, in doing so, providing an 
additional visual stimulus for preening behavior. Therefore, we 
predicted that birds in sunlight would increase their preening 
frequency. However, our results show that birds in sunlight do 
not, in fact, preen more than birds in shade (Fig. 1). This result 
suggests that sunlight is not a stimulus for preening behavior, at 
least in captive mourning doves. 
While the amount of time birds spent preening between 
treatments did not differ significantly, birds that preened in 
sunlight might still have been more effective at controlling their 
ectoparasites. However, our study further showed that birds with 
access to sunlight did not have significantly fewer lice at the end of 
the experiment than did birds in shade (Fig. 2). Thus, sunlight 
does not appear to increase preening efficiency and, thus, the 
ability of birds to control their ectoparasites. 
In our study, birds were exposed to direct sunlight or shade for 2 hr 
each day. Although this was only 17% of the diurnal phase of the 
experiment, it is more than the 11-12% of time adult pigeons 
(Columba livia) spend preening in nature (Clayton, 1990) and more 
than the average 9.2% of time birds spend performing general 
maintenance behaviors (Cotgreave and Clayton, 1994). Of course, 
birds also spent time preening in the animal room. However, light 
intensity in the windowless animal room was clearly lower than in 
the light outdoors. Therefore, we expected birds to capitalize on 
conditions of direct sunlight outdoors, such that the 2-hr period each 
day would have been sufficient to detect any difference in preening 
frequency, the effectiveness of preening between treatments, or both. 
Sunlight is also central to the ability of birds to combat 
ectoparasites with sunning behavior, during which birds often lie 
prone on the ground with their wing and tail feathers spread and 
their head feathers erect, facing directly into the sun (Simmons, 
1986). Moyer and Wagenbach (1995) showed that the surface 
temperatures of feathers during bouts of simulated sunning are 
lethal to feather lice. However, these authors also found that birds 
perform sunning behavior only when the air temperature exceeds 
29 C, which seldom occurred in our experiment. Sunning behavior 
was rare in our study, comprising less than 1 % of all recorded 
behaviors. Not surprisingly, only birds with access to direct 
sunlight engaged in sunning. Our experiment was purposefully 
carried out during relatively cool autumn weather, which avoided 
the potentially confounding effects of high temperature on host 
behavior and parasite survival. Future studies could use a similar 
experimental design, under conditions known to elicit more 
frequent sunning behavior, in order to test the effectiveness of 
sunning, per se, in controlling ectoparasites. 
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WIDESPREAD DISPERSAL OF BORRELIA BURGDORFERI-INFECTED TICKS COLLECTED 
FROM SONGBIRDS ACROSS CANADA 
John D. Scott, John F. Anderson*, and Lance A. Durdent 
Research Division, Lyme Disease Association of Ontario, 365 St. David St. South, Fergus, Ontario, Canada N1M 2L7. e-mail: jkscott@bserv.com 
ABSTRACT: Millions of Lyme disease vector ticks are dispersed annually by songbirds across Canada, but often overlooked as the 
source of infection, For clarity on vector distribution, we sampled 481 ticks (12 species and 3 undetermined ticks) from 211 songbirds 
(42 species/subspecies) nationwide, Using PCR, 52 (29.5%) of 176 Ixodes ticks tested were positive for the Lyme disease spirochete, 
Borrelia burgdorJeri sJ, Immature blacklegged ticks, Ixodes scapularis, collected from infested songbirds had a B. burgdorJeri infection 
prevalence of 36% (larvae, 48%; nymphs, 31%), Notably, Ixodes affinis is reported in Canada for the first time and, similarly, Ixodes 
auritulus for the initial time in the Yukon. Firsts for bird-parasitizing ticks include L scapularis in Quebec and Saskatchewan. We 
provide the first records of 3 tick species cofeeding on passerines (song sparrow, Swainson's thrush). New host records reveal L 
scapularis on the blackpoll warbler and Nashville warbler. We furnish the following first Canadian reports of B. burgdorJeri-positive 
ticks: L scapularis on chipping sparrow, house wren, indigo bunting; L auritulus on Bewick's wren; and L spinipalpis on a Bewick's 
wren and song sparrow. First records of B. burgdorJeri-infected ticks on songbirds include the following: the rabbit-associated tick, 
Ixodes dentatus, in western Canada; L scapularis in Quebec, Saskatchewan, northern New Brunswick, northern Ontario; and Ixodes 
spinipalpis (collected in British Columbia). The presence of B. burgdorJeri in Ixodes larvae suggests reservoir competency in 9 passerines 
(Bewick's wren, common yellowthroat, dark-eyed junco, Oregon junco, red-winged blackbird, song sparrow, Swainson's thrush, 
swamp sparrow, and white-throated sparrow). We report transstadial transmission (larva to nymph) of B. burgdorJeri in L auritulus. 
Data suggest a possible 4-tick, i.e., L angustus, L auritulus, L pacificus, and L spinipalpis, enzootic cycle of B. burgdorJeri on Vancouver 
Island, British Columbia. Our results suggest that songbirds infested with B. burgdorJeri-infected ticks have the potential to start new 
tick populations endemic for Lyme disease. Because songbirds disperse B. burgdorJeri-infected ticks outside their anticipated range, 
health-care providers are advised that people can contract Lyme disease locally without any history of travel. 
Birds act as hosts of several species of hard ticks (Acari: 
Ixodidae) that may be infected with tick-borne, pathogenic 
microorganisms. East of the Rocky Mountains, the blacklegged 
tick, Ixodes scapularis Say, acts as the principal vector for the 
spirochetal bacterium Borrelia burgdorferi sensu lato (hereafter B. 
burgdorfen), the etiological pathogen of Lyme disease (Burgdorfer 
and Gage, 1986; Anderson, 1988; Sanders and Oliver, 1995). 
Collectively, at least 76 different passerines (Passeriformes) are 
known as avian hosts of immature (nymphs, larvae) L scapularis. 
In far-western Northern America, the western blacklegged tick, 
Ixodes pacificus Cooley and Kohls, is ascribed as the primary 
vector of Lyme disease (Burgdorfer et aI., 1985; Lane and Lavoie, 
1988); this tick species has been recorded on 42 species of 
passerines (Castro and Wright, 2007). Lyme disease-transmitting 
ticks have been reported in each of the 10 Canadian provinces 
(Sperling and Sperling, 2009). Taxonomically, B. burgdorferi has 
been detected in 6 different passerine-feeding Ixodes species, i.e., 
Ixodes affinis Neumann, Ixodes dentatus Marx, Ixodes minor 
Neumann, Ixodes muris Bishopp and Smith, Ixodes pacificus, 
Ixodes scapularis, and Ixodes spinipalpis Hadwin and Nuttall in 
indigenous areas, and scattered to extralimital locations in 
Canada, the United States, and Mexico (Durden and Keirans, 
1996; Eisen and Lane, 2002). . 
Globally, the B. burgdorferi complex consists of at least 18 
genospecies, including the recently delineated Borrelia bavariensis, 
Borrelia kurtenbachii, and Borrelia yangtze (Margos et aI., 2010), 
and most recently Borrelia finlandensis (Casjens et aI., 2011). 
Borrelial studies reveal genotype variation and marked heteroge-
neity across the United States and Europe (Crowder et aI., 2010). 
In Canada, 4 different bird-associated Ixodes species (L auritulus, 
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L muris, L pacificus, and L scapularis) have been noted as being 
infected with different genotypes of B. burgdorferi (Scott et aI., 
2010), and, in Ontario, cluster analysis using DNA sequencing 
divulged 4 different clades of this pathogenic spirochete (Morshed 
et aI., 2006). Significant genetic diversity of B. burgdorferi has 
been noted in the Long Point bioregion situated along the north 
shore of Lake Erie (Scott and Durden, 2009). 
As aerial transporters, songbirds have the propensity for short-
and long-distance dispersal of attached ticks (Anderson and 
Magnarelli, 1984; Scott et aI., 2001; Reed et aI., 2003; Hamer 
et aI., 2011). During spring migration, 2.5-3 billion passerines 
transport millions of Lyme disease vector ticks northward into 
Canada (Ogden et aI., 2008; Scott et aI., 2010). Infested songbirds, 
which are parasitized with B. burgdorferi-infected ticks, are able 
to start new foci of breeding populations that become Lyme-
endemic areas (Anderson et aI., 1990). However, in clinicians' 
offices, health professionals often postulate that people must 
frequent an endemic area, namely, in the United States, Europe, 
or Asia or one along the southern fringe of Canada, to contract 
Lyme disease. The epidemiology of Lyme disease in nature 
appears to be much more disseminated than is currently 
appreciated in either human or veterinary medicine. As a result, 
patients may not receive accurate diagnosis and treatment and, 
subsequently, may develop chronic, persistent Lyme disease. 
Canadian government officials often remind people to take 
precautions when visiting endemic areas. However, in Ontario, 
the province reporting the highest number of human Lyme disease 
cases (2007-2010), 61% of the locally acquired cases had no 
exposure at an endemic area (K. Hay, pers. comm.). In November 
1988, Lyme disease became a reportable disease in Ontario, and 
visiting an endemic area has been part of the surveillance criteria 
(Anonymous 1991). 
The aim of the present cross-Canada study was 4-fold: (1) report 
Lyme-carrying ticks at new geographic areas; (2) investigate 
previously unrecorded Ixodes tick species at key locations; 
(3) provide current B. burgdorferi infection prevalences for Ixodes 
ticks on songbirds; and (4) re-evaluate the assumption that patients 
must visit a known endemic area to contract Lyme disease. 
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MATERIALS AND METHODS 
Tick collection 
Ticks were removed from field-caught songbirds mist-netted by bird 
banders, and birds injured after building collisions, window strikes, and 
predation by domestic cats. These ticks were placed in 2-ml micro-tubes 
containing a small piece of non-chlorinated paper towel. A single drop of 
water was inserted on the tissue before capping. Micro-tubes were labeled 
with background data, placed in a self-sealing plastic bag with slightly 
moistened paper towel, and sent by courier to the field laboratory. Ticks 
were recorded, and identified to stage, engorgement, and species (I.D.S.). 
After identification, ticks were sent to the Connecticut Agricultural 
Experimental Station for B. burgdorferi DNA testing (I.F.A.). Some ticks 
were discarded because they were spoiled, whereas uncommon ticks were 
sent to Georgia Southern University for confirmation of identification 
(L.A.D.). The 3 undetermined, novel ticks (Lyme Disease Association of 
Ontario accession numbers: 08-5A6, 08-5AI4, 08-5AI6) are being held by 
authors (I.D.S., L.A.D.) for further morphological and genetic studies. 
Fully engorged, immature ticks were held at the field laboratory to molt 
before being sent for polymerase chain reaction (PCR) testing. Rabbit 
ticks, Haemaphysalis leporispalustris Packard, were not tested, because 
they had previously tested negative for B. burgdorferi (Scott et aI., 2001; 
Morshed et aI., 2005). However, Brown (1945) reported H. leporispalustris 
attached to, and feeding on, a man handing and butchering rabbits. 
Although H. leporispalustris is not known to transmit B. burgdorferi to 
humans (Lane et aI., 1991), it has been demonstrated to harbor Lyme 
infection (e.g., Lane and Burgdorfer, 1988; Banerjee et aI., 1995). Since the 
PCR results of ticks collected in 2007 have already been cited (Scott and 
Durden, 2009), they are not reported here. 
Spirochete detection 
Each unengorged or partially fed tick was tested for the presence of 
B. burgdorferi using PCR by methods described by Persing, Telford, 
Spielman, and Barthold (1990) and Persing, Telford, Rys, et al. (1990). 
Whole ticks were ground with a large paper clip in a 0.6 ml 
microcentrifuge tube containing 25 ul to 35 ul K Buffer. A different 
paper clip was used for each tick. Each tick was then boiled at 94 C for 
10 min. DNA was extracted from engorged ticks following instructions 
in the QIAamp DNA Mini Kit (250) (QIAGEN, Valencia, California). 
Primers were the ospA gene target: ospA2, 5'-GTTTTGTAATTT-
CAACTGCTGACC-3'; ospA4, 5'-CTGCAGCTTGGAATTCAGG-
CACTTC-3'. PCR amplification was performed using a Perkin-Elmer 
thermal cycler set at 94 C for 45 sec, 45 C for 45 sec, and 72 C for I min 
for a total of 45 cycles. Appropriate negative and positive controls were 
used. Amplification products were analyzed by electrophoresis, stained 
with ethidium bromide, and examined under UV illumination as 
described by Persing, Telford, Spielman, and Barthold (1990) and 
Persing, Telford, Rys, et al. (1990). Amplification products were 
transferred to a nylon membrane by Southern blot. The membrane was 
then hybridized overnight with 32p using the probe ospA3, 5'-
GCCATTTGAGTCGT ATTGTTGTACTG-3'. The membrane was 
then washed, and Kodak X-OMAT AR film was placed over the 
membrane for 4 hr. Infected ticks w.ere detected with the 32p probe. 
RESULTS 
Tick collection 
During this tick-host-pathogen study (2007-2009), which 
encompassed 21 sites from Canada's east coast to Vancouver 
Island, British Columbia (B.C.), we obtained a total of 481 ticks 
consisting of 12 ixodid tick species, plus 3 undetermined nymphal 
Ixodes ticks collected from 211 wild-caught passerines representing 
42 bird species/subspecies (Fig. 1). Of all tick-infested birds, the 
Swainson's thrush was the bird species with the most ticks (Table I) 
and was also parasitized by the highest number of B. burgdorferi-
positive ticks (Table II), followed closely by the song sparrow. A 
Swainson's thrush was infested with 52 H leporispalustris (6 
nymphs, 46 larvae) at Toronto, Ontario (Site 7) on 10 September 
2007 and constitutes the highest number of ticks reported from an 
individual songbird in Canada. A nymphal H leporispalustris 
engorging on a hermit thrush is illustrated in Figure 2. 
In western Canada, we provide the first host record of I 
spinipalpis on a songbird on Vancouver Island, B.c.; a nymph was 
collected from a song sparrow on 17 August 2008 at Maltby Lake, 
B.C (Site 16). On the central flyway, an L scapularis nymph was 
collected from a Swainson's thrush on 30 May 2007 at Tofield, 
Alberta (Site 14). At a northern inland site, 2 L auritulus larvae were 
documented on a Wilson's warbler on 11 May 2008 at Watson Lake, 
Yukon (Site 21). Three species of ticks (L affinis [1 nymph, 31arvaej, 
4 L dentatus larvae [2 B. burgdorferi-positivej, and 1 L scapularis 
nymph [B. burgdorferi-positive]) were detached from a Swainson's 
thrush at Delta Marsh, Manitoba (Site 12) on 27 May 2008. 
Extended distribution of Lyme disease vector ticks is evident 
during northward spring migration in Canada. Within the Atlantic 
flyway, a fully engorged L scapularis nymph was collected from a 
white-throated sparrow on 14 May 2007 on Bon Portage Island, 
Nova Scotia (Site 2). Similarly, 2 fully engorged L scapularis larvae 
were collected from a northern waterthrush on 25 May 2007. 
Because these bird-feeding ticks had engorged on Neotropical 
songbirds for 4-5 days during northward migratory flight from the 
U.S. eastern seaboard, these L scapularis collections provide 
further evidence of cross-border (U.S.-Canada) tick movement. 
In Ontario, an I scapularis nymph was removed from a blackpoll 
warbler on 31 May 2007 at Toronto (Site 7) and a nymphal L 
scapularis was removed from a Nashville warbler on 12 May 2009 
at Sibley Peninsula, Ontario (Site 11); these host records provide 
the first indication of L scapularis on these 2 bird species. Three 
undetermined immature Ixodes spp. ticks are being held with the 
anticipation that the nymphal stages for these Neotropical tick 
species are described in the future. 
In addition, during the present study, Amblyomma spp. ticks 
were transported long distances by Neotropical and southern 
temperate songbirds: Amblyomma imitator Kohls is indigenous in 
Central America and southern Texas; Amblyomma longirostre 
(Koch) is native in northern South America and Central America; 
and Amblyomma maculatum Koch (Gulf Coast tick) occurs 
naturally in the southern United States, Caribbean region, Central 
America, and northern South America (Estrada-Pella et aI., 2005). 
Spirochete detection 
During a 2-yr-period (2008-2009), PCR detected B. burgdorferi 
in 52 (29.5%) of 176 ticks tested (Table II). The infection 
prevalence of B. burgdorferi in L scapularis was 36% (nymphs, 
31 %; larvae, 48%). By province, the biogeographical distribution 
of B. burgdorferi-infected Ixodes ticks was as follows: New 
Brunswick, 1; Quebec, 4; Ontario, 19 (Long Point, 6; Cayuga, 2; 
Sibley Peninsula,S; Toronto, 6); Manitoba, 4; Saskatchewan, 1; 
and British Columbia, 23. In the Maritimes, 1 of 2 L scapularis 
nymphs collected from a Swainson's thrush on 6 June 2008 in 
north-central New Brunswick represents the first B. burgdorferi-
infected tick on a songbird in this elevated, Acadian forest region. 
In central Canada, an L scapularis nymph was collected from a 
common yellowthroat on 30 May 2008 on Sibley Peninsula, 
Ontario (Site 11); this collection constitutes the first report of a 
B. burgdorferi-positive tick on a bird in northwestern Ontario. In 
the Prairie Provinces, a nymphal L scapularis was removed from 
a Swainson's thrush after a window strike on 31 May 2009 at 
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FIGURE 1. Map of Canada showing tick collection sites. (1) MAPS Banding Station, Lobster Cove, Rocky Harbour, Newfoundland and Labrador; 
49.64N, S7.98W. (2) Atlantic Bird Observatory, Bon Portage Island, Nova Scotia; 43.46N, 6S.74W. (3) Christmas Mountains, New Brunswick; 47.21N, 
66.67W. (4) St. Andrews Bird Banding Station, St. Andrews, New Brunswick; 4S.68N, 67.06W. (S) McGill Bird Observatory, Ste-Anne-de-Bellevue, 
Quebec; 4S.43N, 73.94W. (6) Innis Point Bird Observatory, Kanata, Ontario; 4S.48N; 76.37W. (7) Tommy Thompson Park Bird Research 
Station,Toronto, Ontario; 43.63N, 79.33W. (8) Fatal Light Awareness Program, Toronto, Ontario; 43.74N, 79.37W. (9) Ruthven Park National Historic 
Site Banding Station, Haldimand Bird Observatory, Cayuga, Ontario; 42.97N, 79.87W. (10) Long Point Bird Observatory, Long Point (Port Rowan), 
Ontario; 42.S2N, 80.17W. (11) Thunder Cape Bird Observatory, Sibley Peninsula (Thunder Bay), Ontario; 48.42N, 88.78W. (12) Delta Marsh Bird 
Observatory, Delta Marsh (R.R. #2, Portage la Prairie), Manitoba; SO.18N, 98.20W. (13) Tweedsmuir, Saskatchewan; S3.S7N, lOSW. (14) Beaverhill 
Bird Observatory, Tofield, Alberta; S3.37N, 112.S2W. (IS) Revelstoke, British Columbia; SO.99N, 118.l9W. (16) Maltby Lake, Saanich Peninsula, 
Vancouver Island, B.C.; 48.49N, 123.4SW. (17) Willy's Lagoon, Metchosin, Vancouver Island, B.c.; 48.37N, 123.S2W. (18) Rocky Point Bird 
Observatory, Metchosin, Vancouver Is., B.C.; 48.32N, 123.S3W. (19) East Sooke, Vancouver Is., B.C.; 48.36N, 123.68W. (20) Mountainaire Avian 
Rescue Society (Courtenay), Vancouver Is., B.C.; 49.41N, 124.97W. (21) Albert Creek Bird Observatory, Watson Lake, Yukon; 60.07N, 128.92W. 
Mailing addressesllocal urban centers are listed in parentheses. 
Tweedsmuir, Saskatchewan (Site 13); this is the first record of a B. 
burgdorJeri-infected tick on a bird in this province and, likewise, 
the first account of a tick on a bird in this province. This fully 
engorged nymph molted to an adult (female) in 65 days. In 
addition, we detected B. burgdorJeri in 2 (40%) of 5 bird-derived 
I dentatus larvae. 
On the west coast, the B. burgdorJeri infection prevalence for I 
auritulus was 33% (females, 33%; nymphs, 20%; larvae, 59%). 
We provide the first record of a B. burgdorJeri-positive tick 
(I auritulus female) on a Bewick's wren; it was detached on 9 
September 2008 at Rocky Point, B.C. (Site 18). The following 
year, a fully engorged I auritulus larva was collected from a 
Bewick's wren on 25 May 2009 at Maltby Lake, B.C. This tick 
successfully molted to a nymph in 61 days and, during the molt, 
transstadially passed B. burgdorJeri. 
We provide the first reports of I spinipalpis on songbirds on 
Vancouver Island, B.C. An I spinipalpis larva was collected from 
a song sparrow, a short-distance migrant, on 18 April 2009 at 
Maltby Lake, B.C. (Site 16). In addition, this collection represents 
the first detection of B. burgdorJeri in I spinipalpis collected from 
a bird anywhere. Interestingly, 3 different tick species (I auritulus, 
I pacificus, and I spinipalpis) co-infested this song sparrow. 
Likewise, at the same site and same day, a B. burgdorJeri-positive 
I spinipalpis nymph was collected from another song sparrow. 
DISCUSSION 
Our study focuses on bird-tick-Borrelia zoonoses and provides 
many firsts for ixodid ticks on passerines across Canada. Overall, 
we found the presence of B. burgdorJeri in 29.5% of Ixodes ticks 
(J1 
TABLE I. Ixodid ticks collected from songbirds in Canada during the 3-yr period 2007-2009. Bird nomenclature follows the check-list of the American Ornithologists' Union website: www.aou.org/ I\) 
checklistlindex.php3. Abbreviations: bru., brunneus; dentat., dentatus; spp., undermined species of Ixodes. Hae. lepo., Haemaphysalis leporispalustris; imit., imitator; long., longirostre; mac., 
maculatum; L, larva(e); N, nymph(s); F, female(s). -I 
I 
m 
<-
Ixodes Amblyomma 0 Hae. c 
Total ::0 
affinis auritulus bru. dentat. muris pacificus scapularis spinipalpis spp. lepo. imit. long. mac. z 
no. of }> r 
Bird species L N L N F F L N L F L N L N L N N L N N L L ticks 0 
'Tl 
'U 
Swainson's }> ::0 
thrush 3 3 4 4 18 68 8 115 }> C/) 
Song sparrow 2 11 2 I 5 2 67 13 109 =1 0 
Common r 0 
yellowthroat 2 2 23 2 29 GJ 
.-< 
White-throated < 
2 5 5 11 5 29 0 sparrow , 
American <0 
'" robin 3 11 6 21 z 
Swamp c:::l 
~ 
sparrow 3 14 2 19 
'Tl 
Hermit thrush 3 2 4 I 15 m OJ 
Oregon junco* 9 4 2 15 ::0 c 
Fox sparrow 10 5 15 }> ::0 
Bewick's wren 3 2 2 2 11 -< I\) 
Chipping S I\) 
sparrow 5 3 2 11 
House wren 7 9 
Brown-headed 
cowbird 3 3 8 
Spotted towhee 4 3 8 
Northern 
waterthrush 2 2 6 
Dark-eyed 
junco 3 6 
Lincoln's 
sparrow 2 5 
Veery 2 4 
Northern 
cardinal 3 4 
Eastern white-
crowned 
sparrow 2 3 
Mourning 
warbler 3 3 
Ovenbird 3 3 
Gray catbird 2 3 
Wilson's 
warbler 3 3 
Indigo bunting 3 3 
(Table I continued) 
TABLE I. Continued. 
Ixodes Hae. Amblyomma 
a/finis auritulus bru. dentat. muris pacificus scapularis spinipalpis spp. lepo. imit. long. Total mac. 
no. of 
Bird species L N L N F F L N L F L N L N L N N L N N L L ticks 
Gray-cheeked 
thrush 3 
Red-winged 
blackbird 2 
Varied thrush 2 2 
Canada 
warbler 2 2 
Pine siskin 2 2 
Nashville 
warbler 2 2 
Nashville 
warbler 2 2 
Black-and-
white 
warbler (J) 0 
Blackpoll 0 
warbler :::j 
American ~ 
redstart ~ , 
Winter wren I ~ 
Purple finch to 
Brown thrasher §5 
Blue jay G'J CJ 
Golden- 0 :u 
crowned ~ 
sparrow ;g 
Orange- z 
--I 
crowned 0 ;><: 
warbler (J) 
Yellow warbler ." :0 0 
Pacific wrent s: 
Total (42 bird (J) 0 
species) 3 19 35 16 6 11 6 5 7 3 2 22 86 8 8 3 193 41 3 2 481 z Gl 
III 
• Oregon junco, which is a subspecies of the dark-eyed junco, is common in western Canada, especially in British Columbia. jj 0 t This newly named species was formerly considered the winter wren in western North America. !fl 
0 
~ 
Z 
~ 
0 
~ 
01 
W 
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TABLE II. Detection of Borrelia burgdorferi in tested Ixodes ticks collected from songbirds across Canada during the 2-yr period 2008-2009. Bird 
nomenclature follows the check-list of the American Ornithologists' Union website: www.aou.orglchecklist/index.php3. Abberviations: L, larva(e); N, 
nymph(s); F, female(s): bru., brunneus. 
No. positive/no. tested 
I. auritulus I. bru. I. dentatus I. muris I. pacificus I. scapularis I. spinipalpis Total no. positive/ 
no. tested Bird species L N F F L N L F L N L N L N 
Swainson's 
thrush 2/3 
Song sparrow 2/2 
Bewick's wren 3/3 
Common 
yellowthroat 
Oregon junco 3/7 
White-
throated 
sparrow 
Swamp 
sparrow 
Nashville 
warbler 
Fox sparrow 
Red-winged 
blackbird 
Ovenbird 
Hermit thrush 
Indigo bunting 
House wren 
Chipping 
sparrow 
Dark-eyed 
junco 
Yellow 
warbler 
Gray-cheeked 
thrush 
Pacific wren 
Orange-
crowned 
warbler 
0/1 
0/1 
III 
3/10 
112 
0/4 
2/10 
0/3 
Wilson's 
warbler 
Northern 
waterthrush 
Mourning 
warbler 
Gray catbird 
Lincoln's 
sparrow 
American 
robin 
Spotted 
towhee 0/4 
10/17 7/34 
112 
0/2 
1/2 
2/2 
0/3 
0/1 
4/12 
0/1 
0/1 
0/2 
2/4 
0/1 
2/5 
0/1 
0/1 
0/2 
0/3 
0/3 
0/1 
0/1 
0/2 
0/1 
0/1 
0/1 
0/7 
0/1 
0/2 
0/1 
0/2 012 
1/3 
2/7 
3/5 
2/2 
1/1 
114 
5/11 
0/1 
4/14 
0/4 
2/2 
112 
III 
113 
1/2 
114 
0/1 
0/1 
0/1 
0/1 
0/2 
02 
10/22 16/52 
III 
111 
0/1 
0/2 
2/5 
0/2 
III 
0/1 
0/4 
1/8 
12129 
7/25 
6/10 
6/23 
5/13 
3/10 
2/2 
2/2 
2/13 
112 
112 
112 
113 
113 
1/4 
liS 
0/1 
0/1 
0/1 
0/1 
0/1 
0/1 
012 
0/2 
0/3 
0/4 
0/8 
52/176* 
• Total (176) includes 3 Ixodes affinis larvae on a Swainson's thrush, which all tested negative for B. burgdorferi. 
tested. Dispersal of I scapularis was evident east of the Rockies, 
and B. burgdorJeri prevalences of 48% and 31 % were detected in 
larvae and nymphs, respectively. Our elevated B. burgdorJeri 
infection prevalences, especially by larvae, suggest that certain 
passerine hosts may maintain spirochetemia and are competent 
reservOIrs. In addition, collections of B. burgdorJeri-infected 
larvae during avian nesting and juvenile development indicate 
established populations of Lyme vector ticks in certain locales, or 
bird-to-tick transmission of Lyme disease spirochetes. Ground-
foraging passerines, i.e., juncos, sparrows, thrushes, warblers, and 
wrens, are the predominant hosts of bird-associated ticks, and 
some spirochetemic songbirds can potentially initiate new Lyme 
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FIGURE 2. Hermit thrush parasitized by an engorged nymph of the 
rabbit tick, Haemaphysalis ieporispaiustris. Photo credit: Paloma Plant. 
disease-endemic foci. Combining the present study and a previous 
pan-Canadian study (Scott et a!., 2010), we have detected 
B. burgdorferi in 6 different bird-feeding fxodes ticks. The collec-
tion of f. affinis in Manitoba, I. aurilulus in the Yukon, and 
Amblyomma spp. ticks in Ontario illustrates the fact that 
migratory songbirds carry ticks thousands of km. Based on our 
high prevalence data for B. burgdorferi, outdoors people need to 
examine themselves carefully after frequenting grassy and woody 
habitats. Clinically, doctors need to be alert to the possibility that 
the ticks, which are discovered, might be infected, and patients 
treated accordingly (Oksi et a!., 1999; Miklossy, 2008). Also, 
doctors should be aware that infection could happen almost 
anywhere in Canada. 
Extended dispersal of I. auritulus ticks in the Yukon 
Every spring, songbirds migrate to Canada's northland to 
breed and nest in the boreal forest. At Watson Lake, Yukon, 2 
engorged f. aurifulus larvae were collected on 11 May 2008 from a 
Wilson's warbler (subspecies pileolala, which breeds in the Pacific 
Northwest, including the Yukon). Since there are no known 
inland populations of I. aurilulus, we believe that these 1. aurilulus 
larvae may have originated from the eastern seaboard of Mexico; 
this tick species normally inhabits the east coast of Central 
America and the Pacific coast (Durden and Keirans, 1996; 
Robbins et a!., 2001). En route to the Yukon, the Wilson's 
warbler, which mainly winters in. Mexico and Central America, 
most likely followed the eastern face of the Rocky Mountains as 
its migratory corridor (Dunn and Garrett, 1997). Our findings 
correspond with tick recoveries in 1942 when larval and nymphal 
1. aurilulus were collected during spring migration from a white-
throated swift, Aeronaules saxatilis (Woodhouse) (Apodiformes), 
in Colorado (Cooley and Kohls, 1945); these 1. aurilulus 
collections were also located along the central flyway. Our 
extralimital tick findings are the most northern account (north of 
60th latitude) of 1. aurilulus in Canada and also the first report of 
this tick species in the Yukon. 
Flight path of Swainson's thrush carrying 3 tick species 
We provide the first-ever documentation of 3 tick species 
cofeeding on a songbird. In total, 4 1. affinis (1 nymph, 3 larvae), 4 
f. dentalus larvae, and 1 I. scapu/aris nymph were collected from a 
Swainson's thrush, a Neotropical migrant, on 27 May 2008 at 
Delta Marsh, Manitoba (Table I, Fig. 2). Based on the indige-
nous areas of these 3 different tick species, we were able to 
hypothesize the flight path. Because f. affinis has the most 
southern natural geographical range (coastal and sub-coastal 
Florida, Georgia, South Carolina, and North Carolina) (Harrison 
et a!., 2010), the immatures of this tick species would attach first. 
Later, during the northward flight, the Swainson's thrush was 
most likely parasitized by 1. dentatus and 1. scapularis in the 
north-central United States. This avian host is much more likely 
to have been infested in the upper Midwest where endemicity of B. 
burgdorferi is elevated, and the flight path is directly in line with 
Delta Marsh. This flight path is consistent with endpoints of 
previous recovery data for spring migration patterns of Swain-
son's thrush (Brewer et aI. , 2000). Both 1. denlatus and 1. 
scapularis are indigenous in the upper Midwest and act as vectors 
in bird-rabbit enzootic transmission cycles of B. burgdOlferi 
(Durden and Keirans, 1996; Oliver et aI., 1998). Despite 1. affinis 
being a competent vector for B. burgdorferi, all of the attached 
immatures were negative. In contrast, 1 f. scapularis nymph and 2 
f. dentalus larvae were infected with B. burgdorferi. Most likely, 
cross-transmission of spirochetes occurred during cofeeding 
between the f. scapularis nymph and 2 of 4 f. dentatus larvae 
via endogenous transmission (within the host bird). For example, 
larvae of fxodes ricinus L. became infected with B. burgdorferi 
while cofeeding in proximity to infected nymphs on hosts that 
were initially spirochete-free (Gern and Rais, 1996). As well, 
co-transmission (within a single tick species) of Lyme disease 
spirochetes could have occurred between each of the attached 1. 
dentatus larvae by hematogenous transmission via the host bird. 
Because transovarial transmission of B. burgdorferi is extremely 
rare and also these larvae had previously not attached to a host, 
these 2 1. dentatus larvae almost certainly acquired infection from 
the Swainson's thrush (Oliver et a!., 1998). Of special note, this is 
the first record of a B. burgdorferi-infected 1. dentatus in 
Manitoba collected from a bird. Although an uncommon 
phenomenon, f. dentatus has been known to attach to humans 
(Soller, 1955; Harrison et a!., 1997). Not only is this the first-ever 
report of 3 tick species simultaneously feeding on a bird, it 
projects a migratory flight path for Swainson's thrush and clearly 
exemplifies cross-border movement of ticks into Canada. 
Transstadial transmission of B. burgdorferi in I. auritulus 
We provide the first record of transstadial transmission of B. 
burgdorferi in I. auritulus. An engorged f. auritulus larva, which 
detached from a Bewick's wren on 25 May 2009 at Maltby Lake, 
B.C., molted to a nymph in 61 days; it later tested positive for B. 
burgdorferi. Even though 1. aurilulus does not bite humans, it may 
act as an important enzootic vector of the spirochetes along 
coastal B.C. During our study, we detected B. burgdorferi in all 3 
motile developmental life stages (larva, nymph, adult) of f . 
aurilulus (Table II). Not only is B. burgdorferi transmitted from 
larvae to nymphs, we hypothesize that transstadial transmission 
also occurs in the nymph-adUlt molt of 1. aurilulus. 
Four tick enzootic cycle of B. burgdorferi in 
British Columbia 
Based on our findings, we hypothesize that a 4-tick enzootic 
cycle of Lyme disease spirochetes is present on southern 
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Vancouver Island, B.C. Previously tick-host-pathogen studies 
have reported Ixodes angustus Neumann (a small mammal tick) 
and 1. pacificus on deer mice, Peromyscus maniculatus (Wagner), 
which is a natural reservoir of B. burgdorferi (Banerjee et aI., 
1994). Additionally, Banerjee et aL (1994) cultured B. burgdorferi 
from 1. angustus and 1. pacificus, and organs of host P. 
maniculatus collected in the Salish Sea area, including southern 
Vancouver Island. In the present study, we detected B. burgdorferi 
in bird-derived 1. auritulus and 1. spinipalpis and, likewise, in 1. 
pacificus previously collected from songbirds in southwestern 
B.C. (Scott et aI., 2010). Notably, 3 sympatric tick species (1. 
auritulus, 1. pacificus, and 1. spinipalpis) were collected at Maltby 
Lake, B.C., on 18 April 2009. Because immatures of 1. auritulus 
and 1. spinipalpis were infected with B. burgdorferi, these tick 
infections demonstrate the possibility of spirochete transmission 
via a vertebrate host between these tick species. Ixodes auritulus 
was collected from April to October, and we believe this tick 
species may play an important maintenance role in the enzootic 
transmission cycle of B. burgdorferi via songbird parasitism. In 
this locality both 1. pacificus and 1. spinipalpis have the potential 
to act as a bridge vector to humans. Although not commonly 
reported, 1. spinipalpis has been collected from humans (Gregson, 
1956; Eisen et aI., 2006). Each of these 3 bird-feeding tick species 
is capable of transmitting B. burgdorferi to non-bird hosts, and, 
thus, Lyme disease spirochetes can be maintained within 2 or 
more contiguous, enzootic cycles forming a complex web-like 
network. The propensity of B. burgdorferi to survive in all 3 post-
embryonic life stages of 1. auritulus highlights the need for 
additional studies, especially to determine (1) trans ovarial 
transmission of B. burgdorferi and (2) the possibility that this 
tick parasitizes small mammals in this coastal bioregion. 
Songbirds as initiators of Lyme disease endemic areas 
Songbirds can act as vanguards for new populations of ticks. 
During biannual migration, songbirds disperse millions of Lyme 
disease vector ticks across Canada, some of which harbor bacterial 
microbes (Morshed et aI., 2005; Ogden et aI., 2008; Scott et aI., 
2010). During migratory flight, songbirds make landfall to rest, 
reenergize, and replenish fat reserves and, as a consequence, can 
acquire Lyme disease vector ticks, especially when these migrants 
transect endemic areas. Based on B. burgdorferi prevalences of 
15.4% and 0% for 1. scapularis nymphs and larvae during spring 
migrations, respectively, Ogden et aL (2008) speculate that 1. 
scapularis-infested songbirds lack the intrinsic tendency to start an 
endemic area for B. burgdorferi. Contrary to their findings, we 
obtained 36% prevalence for B. burgdorferi in 1. scapularis 
(nymphs, 31 %; larvae, 48%) (Table II), and we contend that 1. 
scapularis-infested songbirds can initiate new Lyme-endemic areas. 
Moreover, Brinkerhoff et aL (2011) report a B. burgdorferi 
infection prevalence of 37.9% in the Midwest for bird-derived 1. 
scapularis larvae, which is comparable with our findings. 
Songbirds have the potential to be infested by a large numbers of 
ticks and, after tick engorgement, release them at a single location. 
For example, Anderson and Magnarelli (1984) removed 21 1. 
scapularis from a gray catbird and a swamp sparrow and, likewise, 
19 nymphs from an American robin at the time of capture. These 
ticks can be transported by seasonal migrants to northern localities 
during spring migration and released in 1 location, or this heavy 
infestation of ticks could be dropped locally where they were 
acquired. In our study, 52 immature H. leporispalustris ticks were 
collected from a Swainson's thrush and, thus, exhibit high 
infestation. Birds sometimes eat ticks (Stafford and Kitron, 2002) 
and, at the resting spot of a gravid female carcass, ground-foraging 
songbirds may become heavily infested by newly developed, 
questing larvae. Subsequently, these engorged larval ticks can be 
released in a single locality. Based on the elevated B. burgdorferi 
infection prevalences of immature 1. scapularis (36%) and 1. 
auritulus (33%), our data draw us to the conclusion that songbirds 
can facilitate new foci of spirochete-bearing ticks. 
Endemicity correlates with songbird flyways and connects 
with intercontinental flight 
Many of our collection sites were located primarily on 
migratory pathways for passerine birds, and assisted in pinpoint-
ing the origins of spirochetal infections. Villeneuve et aL (2011) 
conducted a nationwide canine study of heartworm and 3 tick-
transmitted pathogens and found a seroprevalence of 0.72% in 
dogs tested for Lyme disease. Although it was not noted by these 
authors, areas of highest prevalence of Lyme disease correspond-
ed with 3 of 4 major songbird flyways. With the exception of the 
central flyway, 3 flyways correspond to high prevalence of Lyme 
disease, i.e., eastern Canada (Maritimes, southwestern Quebec, 
southern Ontario) are extensions of the Atlantic flyway; central 
Canada (northwestern Ontario and southern Manitoba) are 
extensions of Mississippi flyway; and southwestern B.C. coincides 
with the Pacific flyway. The only known Lyme-endemic area 
along the central flyway is a population of I. spinipalpis in 
northern Colorado (Schneider et aI., 2000). 
Migratory songbirds have a great potential to transport ticks 
long distances, to and from, the Neotropics. Of particular note, 
we report the first bird parasitism by 1. scapu/aris on Blackpoll 
warbler, a Neotropical songbird. During fall migration, these 
birds embark on a marathon flight from the eastern seaboard of 
Atlantic Canada and the northeastern United States, and fly 
south nonstop over water for up to 88 hr to wintering grounds in 
Puerto Rico and northern South America, a distance of 3,000 to 
3,500 km (Hunt and Elaison, 1999); these passerines may be 
parasitized by B. burgdorferi-infected ticks during the southward 
fall migration. Alternatively, Neotropical migrants wintering in 
Brazil and surrounding countries are able to transport spirochete-
infected ticks to North America during northward spring 
migration. A Brazilian tick-borne disease caused by B. burgdorferi 
has clinical symptoms similar to those of Lyme disease in 
northern temperate zones (Gouveia et aI., 2010), and this borrelial 
genotype could be transported to Canada by bird-transported 
ticks during intercontinental flight. 
Songbirds act as competent reservoirs of B. burgdorferi 
When Lyme disease vector ticks take a blood meal from B. 
burgdo~reri-infected songbirds, they can subsequently transmit 
spirochetes to suitable vertebrate hosts (Anderson et aI., 1990; 
Richter et aI., 2000). Some ground-foraging songbirds harbor 
borreliae, and these avian hosts are often overlooked as important 
reservoirs of B. burgdorferi. Based on a comprehensive study 
using spirochete-free, xenodiagnostic larvae, Richter et aL (2000) 
found that the American robin, which is the most common native 
songbird in Canada, is a competent reservoir for B. burgdorferi. 
During pioneer borrelial studies in North America, Anderson 
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et a!. (1986) isolated B. burgdorferi from the liver of a veery and, 
likewise, cultured Lyme disease spirochetes from the blood of an 
American robin and common yellowthroat, and also from 
attached I scapularis larvae (Anderson and Magnarelli, 1984). 
Since transovarial transmission of B. burgdorferi is extremely rare 
in wild-caught I scapularis larvae (Magnarelli et a!., 1987; 
Patrican, 1997), larvae almost certainly acquired borreliae directly 
from certain passerines. Overall, 9 different passerine species/ 
subspecies, i.e., Bewick's wren, common yellowthroat, dark-eyed 
junco, Oregon junco, red-winged blackbird, song sparrow, 
Swainson's thrush, swamp sparrow, and white-throated sparrow, 
in our study were parasitized by B. burgdorferi-infected Ixodes 
larvae, which suggests these avian hosts are competent reservoirs. 
Additionally, during a prior bird-tick-borrelial study across 
Canada, Scott et a!. (2010) detected B. burgdorjeri-infected larvae 
on Swainson's thrushes, common yellowthroats, and song 
sparrows. Implicitly, the elevated infection prevalence of Lyme 
disease spirochetes in bird-derived larvae shows that several 
passerine species maintain spirochetemia, and act as competent-
reservoir hosts (Table II). Moreover, collections of B. burgdorferi-
infected I scapularis larvae in mid-August indicate that these 
passerine hosts may be spirochemic for 3 mo or longer. 
Anderson et a!. (1990) reported the first isolation of B. 
burgdorferi from a bird-feeding larval I dentatus. Other studies 
also demonstrate that this tick species is involved in bird-rabbit 
cycles of B. burgdorferi (Anderson et a!., 1989; Kollars and Oliver, 
2003). Recently, Hamer et a!. (2011) obtained diverse B. burgdorferi 
strains in immature I dentatus collected from songbirds in 
Michigan. Analogous to these studies, we detected Lyme disease 
spirochetes in 2 I dentatus larvae collected from a Swainson's 
thrush. Normally, I dentatus do not bite people, but parasitism of 
humans has been reported (Sollers, 1955; Anderson et a!., 1996). 
Impact of bird-associated ticks on humans 
Lyme disease can produce a myriad of symptoms, including 
endocrine, cardiac, musculosketal, cutaneous, ocular, cognitive, 
neuropsychiatric, urogenital, and gastrointestinal symptoms 
(Maloney, 2009; Savely, 2010). Eventually, it can develop into a 
chronic, debilitating disease for mo, or years, with recurrent bouts 
of arthritis and an array of neurological manifestations (Liegner 
et a!., 1993; Preac-Mursic et a!., 1993; Oksi et a!., 1999; Livengood 
and Gilmore, 2006; Bankhead and Chaconas, 2007; Miklossy, 
2008; Cameron, 2010). If left untreated, Lyme disease spirochetes 
can invade virtually all body tissues and allow Lyme disease to 
advance to the latent stage, causing persistent, irreversible 
symptoms that have a profound impact on patients. In some 
cases, patients have fatal outcomes (Preac-Mursic et a!., 1993; 
Tavora et a!., 2008). Congenital Lyme disease has also been 
reported (MacDonald, 1989; Gardner, 2001). 
With more than 50 B. burgdorferi genotypes across North 
America and Eurasia (Crowder et a!., 2010), serological diagnos-
tic tests must include local strains to optimize test results. 
Unfortunately, Canadian testing laboratories have not yet 
considered geographic and genome sequence variation in B. 
burgdorferi strains. Hopefully, by considering the wide variation 
of strain variants dispersed by songbirds, diagnostic testing will 
become more helpful in accurately assessing Lyme disease 
patients (Sperling and Sperling, 2009; Evans et a!., 2010; Jiang 
et a!., 2010). Often clinicians are not aware of the genetic 
heterogeneity of Lyme disease borreliae and rely on laboratory 
results that are based solely on the type strain B31. As evident in 
our bird-tick-Borrelia study, multiple divergent strains of B. 
burgdorferi can be transported long distances, and missed during 
patient serological screening. Optimistically, the present study will 
help scientists develop more accurate diagnostic methods and 
appropriate therapies in Canada. 
In summary, our study demonstrated that Borrelia-infected 
ticks on songbirds are more widespread and common than was 
previously documented for Canada. Spirochete-infected larvae on 
9 different bird species suggest that certain passerines are 
competent reservoirs. The presence of 4 different Ixodes species 
ticks, infected with B. burgdorferi on southern Vancouver Island, 
B.e., suggests a 4-tick enzootic transmission cycle that encom-
passes a community of interacting vector ticks and vertebrate 
hosts, including humans. The first discovery of I. affinis in 
Canada and, likewise, I auritulus in the Yukon underscore the 
fact that songbirds disperse vector ticks during long-distance 
migratory flight. Multiple ticks on a single bird show that 
songbirds that are parasitized with B. burgdorferi-infected ticks 
have the potential to initiate new tick populations endemic for 
Lyme disease. The Canadian medical profession has had a long-
standing belief that people must visit an endemic area to be bitten 
by an infected tick; however, we show that songbirds play a 
pivotal role in the wide dispersal of Lyme disease--carrying ticks 
across Canada. Because songbirds disperse vector ticks over a 
broad geographic area, travel to an endemic area should be 
excluded from Lyme disease surveillance criteria. Millions of B. 
burgdorferi-infected ticks are widely dispersed across Canadian 
geographic regions and clearly pose a public health risk. 
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ECTOPARASITE RAYMONDIA LOBULATA INFESTATION IN RELATION TO THE 
REPRODUCTIVE CYCLE OF ITS HOST-THE GREATER FALSE VAMPIRE BAT 
MEGA DERMA LYRA 
Arasamuthu Arul Sundari, Wieslaw Bogdanowicz*, Durairaj Ragu Varman, Ganapathy Marimuthut, and Koilmani 
Emmanuvel Rajant 
Department of Animal Science, School of Life Sciences, Bharathidasan University, Tiruchirappalli 620024, India. e-mail: emmanuvel1972@ 
yahoo. com 
ABSTRACT: To study variation of infestations by the bat fly Raymondia lobulata (Diptera: Streblidae) on the greater false vampire bat 
Megaderma lyra (Chiroptera: Megadermatidae), we captured individual bats at their day roost in the south of India and recorded their 
rate of infestation continuously for a year. All examined bats (n = 72 individuals, 202 captures) were infested with parasites (n = 
3,008). However, the recorded intensity of infestation (range 1-33) was gender-related and statistically higher in females than in males 
(FI, 200 = 304.45, P < 0.001). Furthermore, pregnant and lactating females had greater parasite loads than non-reproductive females 
and males (FI , 63 = 23.34, P < 0.001 and F I , 37 = 78,07, P < 0,001, respectively), No significant differences were observed between 
males either during mating and non-mating periods or breeding and non-breeding seasons, Analysis of the relationship between 
parasite infestation and the reproductive status of bats revealed that pregnant and lactating females with pups were more vulnerable 
hosts for parasites, Our results also suggest a well-developed coevolutionary strategy for synchronized reproduction within the host-
parasite relationship and add to our understanding of how host sex and reproductive status shape the dynamics of parasitism. 
Host-parasite interactions are of interest to evolutionary 
biologists, since they involve the development of specific 
mechanisms by which parasite fitness is increased through the 
exploitation of resources from the host (Giorgi et aI., 2004), 
Equally, as the host species evolves to raise its fitness to minimize 
the negative effects of parasite infestation, the subject of study 
becomes host-parasite coevolution (Reckardt and Kerth, 2006), 
The nature and specific association of a parasite is influenced by 
the roost type, as well as by the age or sex of the host, and the 
behavior of both the host and the parasite (Marshall, 1982; Hart, 
1992; Brooks and McLennan, 1993; Gannon and Willig, 1995; 
Poulin, 1998), Bat flies are ectoparasitic feeders on the blood of 
bats and are highly host-specific (Dick and Patterson, 2006). They 
live exclusively in a bat's fur, or on the wing membrane, or both 
(Dittmar et aI., 2006). They usually spend their entire lives on the 
body of a host or in its roost (Overal, 1980; Dick and Patterson, 
2008; Dittmar et aI., 2009). 
The greater false vampire bat (Megaderma lyra) is a carnivo-
rous bat, feeding upon larger insects, frogs, mice, geckos, and 
sometimes even smaller bats (Bros set, 1962; Marimuthu and 
Neuweiler, 1987; Raghuram and Marimuthu, 2007). Like many 
tropical bats, this species roosts in old buildings, caves, artificial 
underground tunnels, and uses its roost constantly for several 
years without seasonal migrations. It lives in small colonies (50-70 
individuals); males and females share the same roost throughout 
the year. While roosting, the bats form clusters in which their 
bodies are in contact. The mating season lasts from November to 
December and gestation takes almost 5 mo (Gopalakrishna and 
Badwaik, 1989), with females giving birth to a single pup (Raj an 
and Marimuthu, 1999), During the breeding season, although 
males roost as a cluster, they stay away from the core cluster of 
females, Earlier studies on tropical bats showed that juvenile bats 
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support higher numbers of ectoparasites than adults (Gannon and 
Willig, 1995). However, basic information concerning seasonal 
variation in ectoparasite infestations on tropical bats has not yet 
been studied. The aim of our project was to assess variation in the 
intensity of occurrence of the streblid bat fly Raymandia labulata 
in relation to the reproductive cycle of its host M, lyra. We 
assumed that the intensity of infestation would be gender-related 
and higher in females than in males, that females with pups would 
have more parasites than other groups of bats (e.g., Christe et aI., 
2000; Patterson et aI., 2008), and that males should be also more 
infected (due to more frequent contacts with females) during 
mating than outside the mating period, 
MATERIALS AND METHODS 
Individuals of M. lyra (Chiroptera: Megadermatidae) were captured in 
a derelict house serving as their day roost located inside a dense orchard in 
Tiruchirappalli (lO'48'18"N, 78°41'08"E), Tamil Nadu state, southern 
India, between the hours of 1700 and 2000, 2-3 times a month from June 
2009 to May 2010, with use of a nylon mosquito net. The roost was 
exclusively occupied by M. lyra; no other bat species were present. All bats 
were tagged with color beads to allow their individual identification 
(Balasingh et al., 1998). Ectoparasites were removed from each bat 
immediately at the capture site by means of screening the body surface 
(head, neck, and wing membranes) with soft tip forceps. Their total 
number was counted separately from each bat. Three parasites from each 
bat were collected and stored in 70% ethanol for identification. All 
ectoparasites were identified as R. lobulata Speiser 1900 (Streblidae) 
(Petersen et al., 2007) by Gustavo Graciolli (Zoological Collection of 
Mato Grosso de Sui Federal University, Brazil, specimen voucher 
ZUFMS-INSIOO-IOI). Calculations were performed using the Statistica 
software, version 7.0 (StatSoft, Inc., 2004). 
RESULTS 
The infestation of ectoparasites on M. lyra was monitored 
throughout the year. Seventy-two bats (43 females and 29 males) 
were examined, from which 3,008 ectoparasites were obtained. All 
bats were infected with ectoparasites, which belonged to a single 
species, namely, R labulata. The recorded intensity of infestation, 
ranging from I to 33, was gender-related (Fig, 1), being much 
higher in females than in males (FI , 200 = 304.45, P < 0,001). 
There was a significant difference in number of parasites on 
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FIGURE 1. Mean (±2 SD) intensity of infestation of different sexes of 
Megaderma lyra throughout the year. The bar at the bottom shows non-
breeding (white) versus breeding season (light gray, mating; dark gray, 
pregnancy; black, parturitions and lactation). Please note a significant 
overlap between pregnancy and the time of parturitions and lactation. 
females during the breeding season compared with the non-
breeding season (FI, 70 = 45.06, P < 0.001). Pregnant and 
lactating females hosted a similar number of parasites (Fl, 50 = 
0.75, P = 0.39), but, in both cases, it was significantly more than 
in non-pregnant females during the breeding season (Fl, 63 = 
23.34, P < 0.001 and Fl , 37 = 78.07, P < 0.001, respectively). 
Nevertheless, non-breeding females had more parasites than 
males (Fl, 122 = 56.84, P < 0.001). In males, there was no 
significant difference between mating versus non-mating periods 
(Fl 102 = 1.88, P = 0.17), or breeding versus non-breeding 
sea~ons (FI, 102 = 3.59, P = 0.06; in fact, close to the significance 
level, but see Fig. 1). 
DISCUSSION 
In general, our predictions were supported by the results 
obtained, with the exception of the lack of significant differences 
in infestation level in males caught during mating and outside the 
mating period. Apparently, females are much more attractive 
hosts for streblid flies than males, and even direct contact between 
both sexes does not change parasite preference. The intensity of 
infestation was higher in females than in males throughout the 
year, but especially during the parturition period. Evidently, these 
ectoparasites are female-biased and select either pregnant females 
or females with pups (PattersoFl et aI., 2008). Like other 
mammals, M. lyra may be adapted to low immunocompetence 
to prevent maternal rejection due to genetic conflict during an 
early pregnancy stage (see Grossman, 1985; Haig, 1993). 
Alternatively, increased female susceptibility could be explained 
by the immunosuppressive effects of hormones produced during 
parturition and lactation (Dobson and Meagher, 1996; Matthie-
sen et aI., 1996; Xu et aI., 2000). The relatively lower load of 
parasites on males may be due to intensive grooming behavior, 
increased immunocompetence, and differences in sex hormones 
(Christe et aI., 2000; Lucan, 2006). Newborn young are inefficient 
at self-grooming (McLean and Speakman, 1997) and may have a 
weaker immune defense system (Christe et aI., 2000). Differential 
parasite infestations in different sexes have been reported in other 
bat species, where parasite recruitment is related to bat social 
behavior and roost fidelity (Wohland, 2000; Zahn and Rupp, 
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2004; Kaiiuch et aI., 2005; Lucan, 2006; Reckardt and Kerth, 
2006). Nevertheless, given the biological differences and con-
straints of different parasites, care should be taken to distinguish 
patterns shown by bat flies from other groups of parasites. 
Ectoparasite reproduction in temperate cave-dwelling bats is 
mostly regulated by the reproductive cycle of their bat hosts, 
although it is also limited by roost temperatures during winter 
(Louren<;o and Palmeirim, 2008). Ectoparasite density is also 
higher in cave-roosting bats than in foliage-roosting bats (ter 
Hofstede and Fenton, 2005; Patterson et aI., 2007). Our roosting 
site is in a derelict house in the tropics with an average (±SE) 
room temperature ranging from 24.5 ± 2.3 C in January to 33.2 ± 
2.8 C in July. Thus, the temperature is unlikely to have a 
significant influence on the reproductive cycle of R. lobulata. In 
addition, like other tropical bats, M. lyra, despite sexual 
differences in this respect, displays high roost fidelity (Raghuram 
et aI., 2006), which may facilitate R. lobulata in developing the 
strategy of preferring the same roost all year (Reckardt and 
Kerth, 2006). Ultimately, natural selection would favor synchro-
nization of parturition and parasite reproductivity. In fact, it 
cannot be excluded that en masse, the breeding season of R 
lobulata potentially coincides with that of the chiropteran host 
(although individual flies live only 60-90 days) and that 
reproduction of the parasite does not depend on an annual 
seasonal cycle. Survival of facultative ectoparasites, e.g., bed bugs 
(Cimex spp.), is more affected by climatic factors, namely, 
temperature, than that of obligatory ectoparasites and may cause 
asynchrony between the ectoparasite and bat reproductive cycle 
(Reinhardt et aI., 2008; Bartonicka, 2010). 
While parasites have developed mechanisms to increase their 
fitness by exploiting the resources of the host, the host maximizes 
its fitness with a view to minimizing parasite infestation (Lively, 
1996). Host specificity in parasites with high dispersal capability, 
such as streblids, is likely related to adaptive constraints, such as 
specificity based on mate availability, or coevolved immunocom-
patibility "where parasites use the same or similar immune-
signaling molecules as their hosts to avoid immunological 
surveillance and response" (Dick and Patterson, 2007). Individ-
uals of R lobulata, although winged and thus able to easily move 
from one bat to another within the roost, do not seem to be 
capable of surviving for an extended period off of the host 
(Wenzel et aI., 1966). In general, these arrays of adaptations to a 
parasitic mode of life suggest a long coevolutionary history (Fritz, 
1983). According to Seneviratne et al. (2009), the ecological 
isolation of the bat hosts and a long-lasting history of host-
parasite co-existence could have contributed to a tendency of bat 
ectoparasites to become monoxenous (Dick, 2007). An under-
standing of the mechanism of host specificity is fundamental to 
the evaluation of these host-parasite interactions and their 
coevolution (Giorgi et aI., 2004). The present study presents a 
preliminary step to further understanding of host-parasite co-
existence. Future research may focus on the endocrine/molecular 
mechanisms involved in the regulation of host-parasite synchro-
nized reproduction. 
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MORPHOLOGICAL CHANGES OF ASCARIS SPP. EGGS DURING THEIR DEVELOPMENT 
OUTSIDE THE HOST 
Ligia M. Cruz, Michael Allanson, Boo Kwa, Azliyati Azizan, and Ricardo Izurieta 
Department of Global Health, College of Public Health, University of South Florida, 13201 Bruce B. Downs Blvd., MDC 56 Tampa, Florida 33612. 
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ABSTRAcr: Information on the infective stage of Ascaris lumbricoides and the pathology caused by the parasite is widely available in 
the literature. However, information about early embryonic development of A. lumbricoides and its life cycle outside the host is limited, 
The purpose of this study was to describe the morphological changes within the developing embryo during incubation in vitro at 28 C, 
as well as to explore differences in egg viability during incubation. Ascaris suum eggs (4,000 eggs/ml), used as a model for A. 
lumbricoides, were placed for incubation in O.IN H2S04 at 28 C in the dark for 21 days. Every day, sub-samples of approximately 100 
A. suum eggs were taken from the incubation solution for microscopic evaluation, Development, morphological changes, and viability 
of the first 40 eggs were observed and documented with photos. During this study, 12 stages were identified in the developing embryo 
by standard microscopy, 2 of which had not been previously reported, By the end of the first wk, most developing embryos observed 
were in the late-morula stage (72.5%). On day 14 of incubation, 90% had developed to larva-I stage, and by day 21, 100% had 
developed to larva-2 stage. No significant differences were found in the viability recorded in a continuum from day 5 to day 21 of 
incubation (chi-square, P > 0.05). The result of this study complements and expands the stages of development of Ascaris spp. outside 
the host previously reported in the literature. It also suggests the potential use of early stages of development of the nematode to 
determine viability and safety of sewage sludge, wastewater, or compost after treatment recommended by USEPA. 
Ascaris lumbricoides can cause widespread disease in the tropics 
and subtropics, especially in areas with inadequate sanitation 
(Brooker, 2010). Approximately 1 billion people are infected with 
the parasite worldwide, with school-age children (5- to 15-yr-old) 
being the most affected group and suffering from the highest 
intensity of infection. As a consequence, infected children 
experience negative effects on growth, nutrition, physical fitness, 
and capacity to learn in school (O'Lorcain and Holland, 2000; 
Hotez et ai., 2006). 
Ascaris lumbricoides eggs are excreted in the feces of infected 
individuals. Under adequate environmental conditions, the I-cell 
egg develops into larva in approximately 2 to 3 wk and becomes 
infective to a new host if ingested via the fecal-oral route of 
transmission (Roberts and Janovy, 2000). The ingestion of only 1 
fully developed embryo is enough to produce infection (World 
Health Organization, 2004). In addition to the low dose of 
infection, when the eggs of A. lumbricoides are present in the 
environment, they become highly resistant to harsh environmen-
tal conditions and wastewater treatment (Tchobanoglous et ai., 
2003). For this reason, determining the presence and viability of 
the parasite's eggs in treated sewage sludge, wastewater, and 
excreta re-used in agriculture is particularly important to public 
health as a preventative measure mainly in the developing world, 
wherever ascariasis is prevalent (World Health Organization, 
2006). 
In the United States, the Environmental Protection Agency 
(USEPA) is the federal agency responsible for the management of 
the residue generated during treatment of domestic sewage known 
as sewage sludge or biosolid (USEPA, 2003). The USEPA policy 
protects public health and the environment through a combina-
tion of sewage sludge treatment and restrictions on the land 
application site that prevent public exposure to potential 
pathogens. To monitor the safety of the treatment and the 
presence and viability of helminth eggs in treated wastewater, 
sewage sludge, and compost, USEPA uses Ascaris sp., which is 
the hardiest of known helminths. 
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Several techniques have been described in the literature to 
determine the viability of Ascaris spp. eggs, including morpholog-
ical criteria, incubation and flotation techniques, use of dyes, larval 
motility induction, infectivity animal models, and polymerase 
chain reaction (PCR) (World Health Organization, 2004; Pecson 
et ai., 2006). A combination of 2, or more, of these techniques is 
currently being used to ascertain the presence and viability of 
Ascaris spp. eggs in wastewater, sewage sludge, and compost. 
Worldwide, the only standard procedures are the USEPA and 
Tulane methods, both of which require up to 3 to 4 wk of 
incubation to determine whether or not the parasite eggs are 
present and viable (Bowman et ai., 2003; USEPA, 2003). The 
USEP A method considers 6 stages in the life cycle of Ascaris (egg, 
4 larval stages, and an adult) for both the human and the swine 
species. At the end of incubation, it requires reporting the number 
of unembryonated Ascaris spp. eggs as nonviable and the number 
of various larvae per g of dry weight as viable. The Tulane method 
considers an embryo in larval stages as viable and an unembryo-
nated egg as nonviable. None of these methods consider a 
developing embryo-prior to larval stages-as potentially viable. 
The published literature on the early developmental stages of 
A. lumbricoides, from fertilized to the infective stage, is limited 
(Christenson, 1935; Seamster, 1950; Jaskoski and Egan, 1953; 
Chitwood and Chitwood, 1977; Johnson et ai., 1998). Most 
parasitology books describe nematode embryology in general, 
and most published articles focus on the infective stages of the 
parasite, as well as the life cycle of the parasite within the host 
(Christenson, 1935; Douvres et aI., 1969; Grady and Harpur, 
1985; MalIa et ai., 1991; Geenen et ai., 1999; Fagerholm et aI., 
2000; Roberts and Janovy, 2000). The few studies describing 
Ascaris spp. development outside the host consider only some 
stages of development. There is no comprehensive and detailed 
information about the morphological changes of Ascaris spp. 
between the I-cell and larval stages in the literature. Furthermore, 
information about the time at which those morphological changes 
are expected to occur during incubation, the speed of develop-
ment, and the continuum-based viability of the developing 
embryo during incubation is also lacking. Correctly identifying 
stages of development using microscopy is essential to differen-
tiate viable and nonviable parasite eggs under the USEP A and 
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Tulane standard procedures currently used. Accurate classifica-
tion is also important to monitor safety of treated wastewater, 
sewage sludge, and compost used in agriculture. 
The main objective of the present study was to register and 
describe the morphological changes observed during 3 wk of 
incubation in vitro at 28 C for the developing embryo, as well 
as to explore differences in the viability of early stages of 
development and at completion of 3 wk of incubation. 
MATERIALS AND METHODS 
Ascaris suum eggs were used as a model for A. lumbricoides. The eggs 
were purchased from Excelsior Sentinel (Ithaca, New York), which 
isolated the unembryonated eggs from feces of naturally infected pigs 
using sequential sieving to concentrate and clean the eggs and stored them 
in 0.5% formalin at 4 C until shipment. In the laboratory, the parasite eggs 
were stored at the same temperature until use. Thereafter, the eggs were 
placed in a centrifuge tube, with the lid slightly covering the top of the 
tube, in 5 ml of 0.1 N H2S04 , at a final concentration of approximately 
4,000 eggs/m!. The level of the solution was marked on the tube with a 
fine-tip pen as a reference, and deionized water was added to maintain the 
desired concentration in case evaporation was observed. The tube was 
placed in an incubator at 28 C in the dark for 21 days. The temperature to 
incubate A. suum eggs according to the USEPA and Tulane methods range 
from 22 to 28 C. Based on previous experiments and current standards, 
the temperature 28 C was chosen for the present study. Every day, the 
incubator's temperature was monitored and registered, and the samples 
were mixed by hand to allow oxygenation to proceed. 
Sub-samples of approximately 100 A. suum eggs were taken daily and 
placed on a microscope slide with a cover glass for microscopic evaluation. 
The slide was sealed with wax on the edges to prevent evaporation during 
evaluation. The development and morphological changes and viability of 
the first 40 eggs observed were documented with photos and registered 
using a log sheet. Artificial hatching of the developing embryo was 
performed according to Eriksen (1981) on incubation days 15 and 16 to 
facilitate identification of molt and second-stage larva. For these later 
samples, wax was not used; this was done to allow evaporation of solution 
and hatching of larvae using the microscope. 
The set of criteria used during microscopic examination to classify the 
stages of development and viability of the developing embryos were 
created using the work of Christenson (1935) and Caceres et a!. (1987, see 
Table I). For the purposes of this experiment, a developing embryo found 
to meet any of the viability criteria before completing 21 days of 
incubation was considered viable. At 3 wk of incubation, viability was 
calculated based on larval stages according to current USEPA standard 
procedures. 
To aid data analysis and the creation of graphs, a database was created 
in Microsoft Excel 2007. To test whether the proportion of viable eggs 
observed between days 5 to 20 of incubation differed from the proportion 
of viable eggs observed at 3 wk of incubation (87.5%), a chi-square test for 
proportions was conducted using t~e PROC FREQ procedure in SAS 
10~...,..,.,.",..:II:': 
90~ 
80~ 
70~ 
60~ 
SO~ 
~~ 
3O~ 
20~ 
10~ 
~ +"-'-I-=-'4'-''''''''''''':''+-'':''': 
Day 0 1 2 3 4 6 7 8 9 10 11 12 13 1. 15 16 17 18 
ol·cell 
.. Early·morula 
l!IPre4arva 1 
D2·cell 
.lale.rnorula 
DPre4arva 2 
1il3·cell 
oBlaslula 
elarva 1 
114·cell 
.Gastrula 
olarva 2 
F IGURE I. Speed of development of Ascaris suum incubated in sulfuric 
acid at 28 C. The y-axis represents the number of parasite eggs in 
percentages observed in the different stages of development. A total of 
40 A. suum eggs was observed every day. The x-axis represents the day 
of incubation. 
(SAS 9.2; SAS Institute Inc., Cary, North Carolina). The 95% confidence 
limits of the proportion were calculated using the binomial test. 
RESULTS 
Stages of development 
Twelve stages of development were identified during the 3 wk of 
incubation and microscopic evaluation: I-cell, 2-cell, 3-cell, 4-cell, 
early-morula, late-morula, blastula, gastrula, pre-larva I, pre-larva 
2, first-stage larva (L l), and second-stage larva (L2) (Fig. 1). Each 
stage was observed for at least 3 days, except for the 3-cell stage, 
and each stage presented a peak of development (the majority of 
developing embryos at a specific stage). During the first 2 days of 
incubation (days 0 and 1), no cell division was observed within the 
eggs. On day 2, 5% of them had experienced the first cleavage. By 
day 3, 47.5% of developing embryos were at 2-cell stage, 10% were 
at the 3-cell stage, 17.5% were at the 4-cell stage, and only 15% were 
at the I-cell stage. Development from 2 to 4-cell embryos occurred 
quickly and reduced the number of days at which the 3-cell stage 
was observed to 2 (days 2 and 3; see Fig. I). 
On day 4, 45% of embryos were in the early-morula stage, 
27.5% were at 4-cell stage, and the others were in 1- and 2-cell 
stages. Embryos in the early-morula stage achieved maximum 
(peak) development on day 5 (82.5%), and those in late-morula 
stage reached the peak on day 6 (80%). On day 7, the majority of 
developing embryos observed were in late-morula stage (72.5%), 
and others entered typical blastula stage (7.5%). 
TABLE 1. Criteria to identify viability and stage of development of Ascaris suum eggs by microscopy. 
Nonviable egg* 
Poorly defined structures 
Contraction, rupture, and loss of membrane continuity 
No larval movement observed by microscope light stimulation 
Vacuolization of cytoplasm and cellular condensation in unicellular 
stage with granulated and vacuolated cytoplasm 
• Adapted from Caceres et al. (1987). 
Viable egg 
One to four cells: 1, 2, 3, or 4 cells within the egg 
Early-morula: 5 to 10 cells within the developing embryo 
Late-morula: 11 or more cells within the developing embryo 
Blastula: a spherical layer of cells surrounding a fluid-filled cavity 
Gastrula: a layer of cells surrounding the embryo plus a kidney shape 
invagination in one side of the embryo 
First-stage larva: a larval structure within the developing embryo without molt 
and with motility in response to light stimulation 
Second-stage larva: a larval structure within the developing embryo with molt 
and motility in response to light stimulation 
It) 
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FIGURE 2. Timeline of A. suum development at 28 C, in vitro. The day 
at which each stage of development was observed during incubation is 
represented in a continuum. On day 18, 5% of developing embryos (2/37) 
were naturally hatching. 
On day 8, the I-cell stage was observed for the last time (2.5%), 
blastula-stage peaked (60%), and gastrula-stage embryos ap-
peared (20%). On day 9, the gastrula-stage peaked (57.5%), and 
a few blastula-stages were observed (25%). On day 10, move-
ments were observed within the developing embryos after light 
stimulation using the microscope. In addition, pre-larva 1 (37.5%) 
and pre-larva 2 (27.5%) stages were first observed. Both stages 
were seen for at least 3 consecutive days and occurred before L j • 
On day 12, pre-larva 2 (75%) peaked and L j (7.5%) were 
observed for the first time. Most developing embryos were in L j 
by days 13 (85%) and 14 (90%). On days 15 and 16, artificial 
hatching was performed to facilitate molt identification. L2 were 
not observed on day 15, but most embryos were in L2 (62.5%) on 
day 16. By day 17, 95% of embryos were in L2 (artificial hatching 
performed), and on day 18, all observed embryos were in L2 
(92.5%) stage, or hatching naturally (5%). 
Based on these results, a timeline was created to describe the 
stages of development observed and the time at which changes 
occurred (Fig. 2). In addition, the definitions of the stages of 
development were modified to include new characteristics 
observed through standard microscopy during the experiment 
(Table II). Photographic documentation of the stages observed is 
included in Figure 3. Each stage was typically observed for 
approximately 3 to 5 days, and the peak of development of each 
stage was observed to be around the second or third day of 
observation. Overlapping of each stage with the previous and 
subsequent stages of development was also typical, except for the 
I-cell and L2 stages. 
Viability 
The viability of the A. suum batch used in this experiment at 
day 21 of incubation was 87.5% (N = 100 A. suum eggs). A chi-
square test for specific proportions performed on the proportions 
of viable embryos observed each day (between days 5 and 20), and 
the proportion of viable embryos registered at 3 wk of incubation 
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FIGURE 3. Photographic documentation of the stages of development 
of A. suum. (A) I-cell, (B) 2-cell, (C) 3-cell, (D) 4-cell, (E) early-morula, 
(F) late-morula, (G) blastula, (H) gastrula, (I) pre-larva 1, (J) pre-larva 2, 
(K) larva 1, and (L) larva 2. Fertilized A. suum eggs are 45 to 75 11m long 
by 35 11m to 50 11m wide. Scale bar: 45 11m. Arrow in (I) indicates the 
developing embryo with an open ring or V-shape morphology character-
istics of this stage of development. Arrow in (J) indicates an increase in 
length of the developing embryo with the capacity to create more than 1 
concentric ring, characteristic of this stage of development. 
showed no significant differences. The viability proportion and 
the confidence limits (95%) from day 5 to day 21 of incubation are 
presented in Figure 4. 
DISCUSSION 
The results of the present study found no significant differences 
in the viability of A. suum developing embryos observed from day 
5 to day 21 of incubation. Furthermore, it complemented and 
expanded the stages of development of the parasite outside the 
host reported in the literature. Twelve stages of development were 
cataloged during 21 days of in vitro incubation at 28 C. Other 
studies described 5 to 10 stages of development; most mentioned 
2- to 4-cell, morula, and larval stages (Brown, 1927; Christenson, 
1935; laskoski and Egan, 1953; Chitwood and Chitwood, 1977; 
Bassiouni et a!., 1990). Pre-larva 1 and pre-larva 2 stages have not 
been previously reported in the literature. Both were observed 
using the microscope on the same day (day 10), and it is possible 
that pre-larva 1 preceded pre-larva 2 on day 9 of experiment. This 
was perhaps overlooked because of the small number of eggs 
TABLE II. Definitions of stages of development of A. suum observed by standard microscopy. 
Stage of 
development 
One- to four-cell 
Early-morula 
Late-morula 
Blastula 
Gastrula 
Pre-larva I 
Pre-larva 2 
Larva 1 
Larva 2 
Characteristics observed in the developing embryo 
1, 2, 3, or 4 cells that are clearly well defined 
5 to 10 cells within the developing embryo 
11 or more cells within the developing embryo 
A spherical layer of cells surrounding a pseudo fluid-filled cavity 
A layer of cells surrounding the embryo plus a kidney-shaped invagination in one side of the embryo 
A larva-like coiled structure creating no more than one concentric ring inside the ovum 
A larva-like coiled structure creating at least one and a half concentric rings inside the ovum 
A larva without well-defined structures inside the larva body wall, with no molt, and with intense motility in response to light 
A larva with somewhat defined structures, a molt, and delayed motility response to light stimulation 
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FIGURE 4. Viability proportions and 95% confidence limits of A. suum 
during incubation. The y-axis represents the number of A. suum embryos 
viable in percentages (point estimate). The s-axis represents the day of 
incubation (from day 5 to day 21). The 95% confidence limits of each 
point estimate do not include I. 
observed daily. Each of these stages preceded L[, was observed 
for at least 3 consecutive days before changing to the next stage 
of development, and presented a unique morphology that 
distinguished them from each other and from other stages. Pre-
larva 1 had within a larva-like structure, long enough to form a 
U-shape or open ring that cannot be closed because of the 
structure wideness (see Fig. 3). Pre-larva 2 had within a larva-like 
structure thinner and longer than pre-larva 1, with the ability to 
form a closed ring and start a new one. It was not possible to 
measure the length of the developing embryo in these stages 
because of its fragility; its morphology was easily damaged when 
trying to rupture the egg. L2 was observed 4 days after L j . In this 
case, it was also possible that Lz developed before day 16, but was 
missed due to the small number of eggs observed (n = 40/day). 
There is increasing evidence for the presence of an additional 
stage of development outside of the host, i.e., larva 3 (L3), which 
could be identified using electron microscopy (Maung, 1978; 
Geenen et aI., 1999; Fagerholm et aI., 2000; KirchgaBner et aI., 
2008). This stage could be considered another stage of develop-
ment and/or the infective stage. In the present study, L3 was not 
reported because it was very difficult to observe using standard 
microscopy, and a longer incubation time would most likely have 
been required for this stage to develop. 
The time intervals between stages of development observed here 
were not consistent with previous studies, mainly because of 
variations in incubation temperatures. Temperature is one of 
the most important factors influencing the speed of embryo 
development (Arene, 1986). Ascaris spp. egg development takes 
longer at lower temperatures and.is faster at higher temperatures, 
achieving a maximum rate of development at a temperature of 31 
± 1 C (Seamster, 1950; Arene, 1986). Geene et ai. (1999) observed 
L j after 17 days of incubation at 18-22 C. In the present study, 
L j was observed at 12 days of incubation. Johnson et ai. (1998) 
reported developing embryos with 2, or more, cells at 48 hr of 
incubation at 32.5 C, whereas in the present study embryos with 
more than 2 cells were observed after 48 hr of incubation. Pecson 
et ai. (2006) used the same temperature (28 C) and reported larval 
stages at 12 days of incubation, similar to our results. Figure 1 
presents the changes in the speed of development, and Figure 2 
the point in time at which each stage was first observed. Both 
figures can be used as a tool to guide microscopic assessment of 
A. suum developing embryos in other studies. 
Different from the speed of development results, observations 
on larval motility in this study were consistent with previous 
observations. Larval motility with light stimulation is an 
indication of viability (Caceres et aI., 1987; USEPA, 2003). 
Microscopic evaluation performed during this experiment re-
vealed different motility intensities not only in larval stages, but 
also in pre-larval stages. Embryos in pre-larva 1 and 2 stages 
responded to light stimulation with limited intensity of motility. 
Embryos in L j stage were very sensitive to light and showed active 
motility immediately after placing the slide on the stage of the 
microscope. In contrast, embryos in L2 stages required 5 to 10 min 
of viewing time before any movement could be noticed. Johnson 
et ai. (1998) reported that some larvae moved within the first few 
min, whereas other larvae required 5 to 10 min for movement to 
be seen. Bassiouni et ai. (1990) observed continuous motility 
during the early larval stages of Neoascaris vitulorum, a cattle 
parasite, and slight movement during the advanced larval stages 
(Bassiouni et aI., 1990). 
Larval motility induction has been continuously used as a 
criterion to evaluate viability of developing embryos of Ascaris 
spp. in larval stages. The observations recorded here and others 
have been consistent in terms of the time required (5 to 10 min) to 
induce motility in advanced larval stages. This procedure is time 
consuming. If the characteristics that distinguish a non-viable egg 
are not present during microscopic evaluation then, it might be 
possible to avoid this criterion to evaluate the viability of larval 
stages. Table I presents a set of criteria to consider an Ascaris 
spp. egg not viable. All but the criterion "no larval movement 
observed by microscope light stimulation" could be used to 
evaluate the viability of larval stages. 
A rare observation in this study was the presence of 
abnormal embryos during incubation. They were first identified 
at the time that pre-larva 1 and pre-larva 2 stages started to 
develop. The morphology of these abnormal embryos was 
different from the normal stages of development, i.e., an 
irregular shaped embryo made of irregular lumps of cells, with 
very slow motility. We continued to see them until the end of 
the experiments with the same characteristics. They did not 
change the shape or grow in size, suggesting they were not able 
to develop to full larvae. Abnormal eggs had been previously 
reported after long periods of refrigeration (Johnson et aI., 
1998). We presumed that exposure of the eggs used in this study 
to refrigeration may have influenced the morphological 
abnormalities observed. 
USEP A standards require a minimum of 3 wk of incubation 
to report viability based on the presence of a morphologically 
distinguishable larva within the egg. Following this standard, 
the viability of the A. suum batch used in this study was 87.5%, 
accounting for larval stages only. This study considered develop-
ing embryos prior to larval stages as viable and recorded their 
viability in a continuum during incubation. Statistical analysis 
of the viability proportions registered from day 5 to day 21 of 
incubation showed no significant difference (see Fig. 4). One 
study described similar results after researchers compared 
viability at 48 hr, with viability at 30 days of incubation (Johnson 
et aI., 1998). No other reports that compared viability of early 
developing embryos with viability of advanced larval stages were 
found. Thus, the present effort is the first to register viability of 
developing embryos of A. suum in a continuum during incubation 
and to use statistical analysis to report whether or not there are 
differences in viability between early and larval stages of 
development. 
The results of this analysis provided 2 important pieces of 
information. First, it suggests that observing an embryo in early 
stages of development does not necessarily mean that the 
developing embryo is not viable; on the contrary, it shows 
evidence of the potential of early developing embryos of achieving 
fully embryonated larval stages and, therefore, becoming viable 
according to USEP A standards. As a result of this finding, a 
developing Ascaris spp. embryo in early stages of development in 
samples of treated sewage sludge, wastewater, or compost would 
suggest the presence of potentially viable eggs and, consequently, 
the need for additional treatment or restrictions on the use of the 
treated material. Second, it suggests the possibility of reducing the 
time required to determine viability (3 wk) according to USEPA 
and Tulane methods. For scientists working in the area 
sanitation, this would translate to faster results when evaluating 
viability and safety of treated sewage sludge, wastewater, or 
compost for use in agriculture. Further studies are required to 
support this assertion. 
One of the main challenges experienced in this study was related 
to the correct identification of late-morula and blastula stages 
during microscopic evaluation. Larval stages were easily identi-
fied using microscopy at lOOX magnification, whereas late-
morula and blastula stages required more time and higher 
magnification, as observing details became more important to 
correctly classifying the stage of development. This may be a 
reason to require at least 3 wk of incubation with larval 
development to report Ascaris spp. viability as the required 
standard from environmental samples. Other authors working 
with Ascaris spp. embryos described similar difficulties and 
reported that certain stages of development were easier to observe 
by standard microscopy, that is, I-cell, 2- to 3-cell, 4- to 6-cell, 
7 or more cell, and fully larvated embryos (Pecson et aI., 2006). 
Based on our experiments, the best moment to identify the 
presence of developing embryos is on the third day of incubation. 
It is at this time that identification of early developing embryos 
is accomplished without difficulty. 
Faster methods, such as PCR, have been proposed as an 
alternative to the incubation techniques used in the USEP A and 
Tulane methods. However, the material and laboratory equip-
ment required to implement such methods are expensive, and the 
assay requires 10 days of eggs incubation prior to application 
(Pecson et aI., 2006). USEPA has not considered PCR to be a 
standard procedure for establishing viability, and, according to 
our observation, viability could be established in less than 10 days 
of incubation. 
The analysis presented in this paper supports the possibility of 
determining viability in embryos of Ascaris spp. in early stages of 
development during incubation as an alternative to the current standard 
time required by USEPA and the Tulane method, 3 wk. Examination of 
the infectivity of the developed embryos was not performed. Further 
studies are required to further support this alternative. Finally, the present 
investigation described 12 stages in the developing embryo of A. suum 
outside the host, which is consistent with, and further complements, the 
current literature. 
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SEROPREVALENCE OF NEOSPORA CAN/NUM INFECTION ON DAIRY CATTLE IN FARMS 
FROM SOUTHERN ROMANIA 
loan Liviu Mitrea, Violeta Enachescu, Ruxandra Radulescu*, and Mariana lonita 
Department of Parasitology and Parasitic Disease, Faculty of Veterinary Medicine of Bucharest, University of Agronomical Sciences and Veterinary 
Medicine, Bucharest, Splaiul Independentei 105, sector 5, 050097, Bucharest, Romania. e-mail: liviumitrea@yahoo.com 
ABSTRACT: Neospora caninum, a coccidian parasite closely related to Toxoplasma gondii, is one of the major causes of abortion in 
cattle worldwide. Conventional serological techniques, such as the indirect fluorescent antibody test and enzyme-linked imrnunosorbent 
assay (ELISA), are routinely used in adult animals and aborted fetuses for the detection of anti-N caninwn antibodies. In Romania, 
infection with N caninum in cattle has been reported recently, but only in limited areas from the north and central parts of the country. 
Therefore, the aim of this study was to obtain additional seroepidemiological data on infection with N caninum on dairy farms from the 
south of Romania. A total of 258 blood samples was analyzed from 230 dairy cows and 28 calves from 9 dairy farms in southern Romania; 
the presence of specific IgG antibodies against N caninum was determined using an indirect ELISA test. The average seroprevalence was 
40.3%, but the within-herd prevalence ranged between 11.5 and 80.0%; the seroprevalence in dairy cows was 41.7%, while in calves it was 
28.6%. Of the positive samples, 74.0% (77/104) had a high positive reaction (SIP ratio more than 1.0), while 26.0% (27/104) had a low positive 
reaction (SIP ratio between 0.5 and 1.0). This study indicates that N. caninum infection is widespread in the south of Romania, which could 
explain the causes of abortions registered in some herds in the studied area. However, a serological screening across the country is planned in 
order to assess the actual national prevalence of N. caninwn infection, followed by implementation of a prevention and control program. 
Neospora caninum is an apicomplexan protozoan recognized as an 
important cause of abortion in cattle worldwide. The infection 
mainly affects dogs and cattle and occasionally other species of 
mammals (Dubey, 2003). The parasite was ftrst isolated from dogs in 
Norway as a cyst-forming sporozoan closely related to Toxoplasma 
gondii (Bjerkas et aI., 1984). The most frequent transmission pattern 
in cattle is vertical, from infected dams to their offspring with 
resulting lifelong infection, However, cattle also can be infected post-
natally via ingestion of oocysts shed by infected dogs, 
Neosporosis causes severe economic losses, including reproduc-
tive disorders, particularly by abortion. Prevalence of the infection 
in cattle can reach 90% in some herds (Dubey et aI., 2006), with 
transplacental transmission as a natural major route of infection. 
Fetuses may die in utero, be stillborn, born alive with clinical signs, 
or born clinically normal but chronically infected (Dubey, 2003). 
Diagnosis of N. caninum-associated abortion is important to 
establish a cause-effect relationship by utilizing serologic, immu-
nohistochemical, PCR, and other methods to demonstrate the 
infection in the dam and the aborted fetus (Dubey and Schares, 
2006). It is important to demonstrate the presence oftachyzoites in 
lesions and exclude other causes of abortion (Wouda et aI., 1997). 
The involvement of N. caninum in bovine abortion also may be 
conftrmed by the observation of a statistically signiftcant associ-
ation between seropositivity and abortion within the group of dams 
with an abortion risk (Dubey and Schares, 2006). 
The routine diagnosis in bovine neosporosis is based on 
detection of N. caninum-speciftc antibodies in blood samples, 
but also in milk (Conraths and Gottstein, 2007). Although N. 
caninum antibodies in cows indicate only exposure to this parasite 
(Dubey and Schares, 2006), the risk of abortion is increased 2- to 
4-fold for seropositive dams as compared with seronegative cows 
(Pare et aI., 1997), Levels of speciftc antibodies may persist for 
life, but fluctuate, and sometimes are below the detection limits of 
serological tests (Dubey and Schares, 2006). 
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It is now recognized that N. caninum infection is worldwide in 
its distribution (Dubey, 2003). Serological studies show a widely 
varied prevalence between herds, regions, and countries. 
In Romania, infection with N. caninum in cattle has only been 
recently reported, but studies are limited in the north, northwest, 
and center of the country (Ionescu et aI., 2002; Gavrea and 
Cozma, 2010). Therefore, considering the importance of the 
parasite in bovine reproduction and the lack of information 
regarding national prevalence, the aim of the present study was to 
obtain sero-epidemiological data on infection with N. caninum in 
dairy farms from southern parts of the country. 
MATERIALS AND METHODS 
Field study area 
The study was conducted in September and October 2010. The 
serological survey was performed in 9 counties from the south of 
Romania (Olt, Arges, Ilfov, Giurgiu, Teleorman, Prahova, Dambovita, 
Ialomita, and Calarasi) located in the lowlands. The climate is continental, 
with aridity influences, very cold winters, hot summers, and frequent 
droughts. Nonetheless, in this area, dairy farms are well represented. 
Herds and animals 
Nine dairy farms were randomly selected, I farm in each county. The herd's 
size varied within farms, with a range of 66-840 cattle. The most common 
cattle breed was Holstein/Friesian. The animals (258) randomly were selected, 
20 to 57 from each farm, and their blood was sampled. Animals were divided 
in 2 groups according to their age: 230 dairy cows (2.5- to lO-yr-old) and 28 
calves (12 days to 5 mo). Data on breed, herd size, and age in dairy cattle were 
obtained from the herd owners' records and by personal interviews. 
Serum sample 
Blood samples were taken from jugular, mammary, or caudal veins, 
using disposable needles and serum test tubes. All samples were 
immediately transported to the laboratory in individual tubes marked 
with the identification number. Serum was removed after centrifugation 
at 2,500 rpm for 10 min and stored at - 20 C until use. 
Serology 
Serum samples were analyzed for antibodies against N. caninum using a 
commercially available indirect ELISA kit (HerdChek Neospora caninum 
Antibody Test Kit, IDEXX Laboratories, Inc., Westbrook, Maine), as per 
the manufacturer's instructions. Briefly, serum samples were diluted I: 100 
and analyzed for the presence of IgG antibodies specific for N. caninum. 
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TABLE I. Seroprevalence of Neospora caninum infection in cattle from the 
south of Romania. 
Dairy cows Calves 
County +*/nt %:j: +/n % 
Olt 3/20 15.00 0/6 0 
Arges 7/52 13.46 015 0 
Ilfov 16/20 80.00 317 42.85 
Giurgiu 16/20 80.00 
Teleorman 5/30 16.66 
Prahova 8/25 32.00 5110 50 
Dambovita 8/20 40.00 
Ialomita 16/20 80.00 
Calarasi 17/23 73.91 
Total 96/230 41.73 8/28 28.57 
* +: Animals with anti-No caninum antibodies. 
t n: Number of animals sampled. 
t %: Average prevalence. 
Total 
+/n % 
3/26 11.53 
7/57 12.28 
19/27 70.37 
16/20 80.00 
5/30 16.66 
13/35 37.14 
8120 40.00 
16/20 80.00 
17123 73.91 
104/258 40.31 
Plates were read at 620 nm, and the test results were expressed as an SIP 
ratio obtained by an equation provided by the manufacturer. Samples 
with an SIP ratio lower than 0.5 were considered negative, while those 
equal to, or higher than, 0.5 were considered positive. 
Statistical analysis 
The resultant data were statistically analyzed by Student's (-test 
(McDonald, 2009) indicated for statistical tests for one measurement 
variable. Values of P :s 0.05 were considered significant. 
RESULTS 
In all farms tested for N. caninum antibodies, seropositive 
animals were found. The average prevalence of infection, expressed 
as the percentage of positive samples, was 40.3% (104/258), but the 
within-herd prevalence ranged between 11.5 and 80.0% (Table I). 
The seroprevalence in dairy cows was 41.7%, (96/230), while in 
calves the seroprevalence was 28.6% (8128). Depending on the age 
group, the seroprevalence was higher in dairy cows than in calves, 
but there were no statistically significant differences in seropos-
itivity between the age groups (P = 0.19) .. 
The positive samples showed an optical density between 0.299 
and 1.988, and an SIP ratio ranging between 0.5 and 4.5. Based on 
the color intensity and value of the SIP ratio, the positive samples 
were divided into 2 categories: low positive samples (SIP ratio 
between 0.5 and 1.0) and high positive samples (SIP ratio more 
than 1.0). Of the positive samples, 74.0% (77/104) had a high 
positive reaction, while 25.0% (27/104) had a low positive reaction 
(Table II). Statistically, there was a significant difference between 
these 2 categories of positive samples (P = 0.007). 
Overall, 4 of 9 analyzed farms had a high prevalence of positive 
animals for N. caninum antibodies, varying between 70.4 and 80.0% 
(Ilfov, Giurgiu, Ialomita, and Calarasi counties). Two farms had a 
medium prevalence, ranging from 37.1 to 40.0% positive animals 
(Prahova and Dambovita counties). Three farms showed a low 
prevalence, with values from 1l.5 to 16.7% (Olt, Arges, and 
Teleorman counties). 
DISCUSSION 
Results of the present study indicate the presence of N. caninum 
antibodies and a widespread prevalence in cattle from dairy farms 
TABLE II. Classification of positive samples according to the intensity of 
color reaction (optical density) and SIP ratio. 
Total of positive Low positive High positive 
County samples (0.5 < S/P:s I) n (%) (SIP> I) n (%) 
Olt 3 1 (33.34) 2 (66.66) 
Arges 7 3 (42.85) 4 (57.15) 
Ilfov 19 3 (15.79) 16 (84.21) 
Giurgiu 16 3 (18.75) 13 (81.25) 
Teleorman 5 3 (60.00) 2 (40.00) 
Prahova 13 3 (23.08) 10 (79.92) 
Dambovita 8 3 (37.50) 5 (62.50) 
Ialomita 16 3 (18.75) 13 (81.25) 
Calarasi 17 5 (29.41) 12 (70.59) 
Total 104 27 (25.96) 77 (74.04) 
in the south of Romania. All 9 farms had seropositive animals, 
and most of them had a high prevalence of N. caninum antibodies. 
Some of the risk factors for acquiring N. caninum infection are 
represented by age of the animals (the older they get, the greater 
the chance of acquiring infection) and presence of dogs near cattle 
shelters (Dubey and Lindsay, 1996). Most authors mention an 
increased risk of becoming seropositive with increasing age 
(Dubey et at., 2007). This is based on a longer time of exposure 
to possible contamination with oocysts from definitive hosts feces 
(Pare et at., 1996). Despite the efficiency of endogenous 
transplacental transmission, it also is assumed that N. caninum 
infection cannot persist in a herd without horizontal transmission 
(French et at., 1999). 
The higher seroprevalence observed in our study of adult cows 
than in calves may suggest a greater importance of horizontal 
contamination in most analyzed herds; as a matter of fact, dogs 
were present on all examined farms. Also, the higher within-herd 
prevalence could be due to a greater external exposure to oocysts 
(French et at., 1999). 
The presence of specific antibodies in clinically healthy calves may 
be caused by infection in the last period of gestation after 
development of their fetal immune system. The fetus begins to 
develop a specific immune response against the parasite in the fourth 
to sixth month of gestation; thus, if the fetus survives, the calf can be 
born clinically healthy, but congenitally infected (Innes et at., 2005). 
The extent of endogenous transplacental transmission is estimated to 
be 78.0-95.0% (pare et at., 1996; Innes et at., 2007). It also is possible 
that calves were infected post-partum via pooled colostrum (French 
et at., 1999) or ingestion of oocysts, but unlikely because of their 
young age. We must consider the possibility that antibodies may be 
passively transmitted, giving false positive results for very young 
calves that were uninfected, but fed colostrum from infected dams. 
Maternal antibodies in calves persist for 6 mo (Pare et at., 1996). 
Hietala and Thurmond (1999) showed that, after 1 mo, such 
passively acquired antibodies could still be demonstrated in 50% of 
sera from uninfected calves. However, in most of the calves, 
antibodies were not detected after 2 mo. 
The main symptoms of neosporosis in cows are abortion and 
stillbirth. Several studies have demonstrated that seropositive 
cows are more likely to abort than seronegative cows (Dubey 
et at., 2007). 
In the present study, in Ilfov County where a history of 
abortions was available, a correlation between reproductive 
TABLE III. Reproductive problem history and serologic status for N. 
caninum of cows in the farm from Ilfov County. 
Serologic status 
n Seropositive n (%) Seronegative n (%) 
Cows with abortions and 
stillbirths 9 
Cows with normal births 11 
Total animals 20 
6 (66.6) 
10 (90.9) 
3 (33.3) 
1 (9.1) 
problems and serological status for N. caninum antibodies was 
established. Of the 20 cows included, 9 had abortions or stillbirths 
and 11 had normal births. Of the animals with a history of 
abortions or stillbirths, 6 (66.7%) were seropositive, and 10 
(90.9%) with normal births were seropositive (Table III). The 
percentage of cows with a history of abortions or stillbirths from 
this farm was high (75.0%) in the seronegative group, opposite 
what was expected. This may have been caused by local 
management issues and the abortions could be caused by other 
factors. Therefore, further studies are needed to establish a causal 
relationship. 
In 4 herds, imported animals were present, and 92 samples were 
collected from these animals. In these samples, seroprevalence of 
N. caninum infection was 18.5% (17/92), with values ranging 
between 0 and 73.3%, depending on the herd and the country of 
origin for the animals (Table IV). 
Neospora caninum infection in cattle was reported in all the 
provenience countries for seropositive animals in the study with 
different values of seroprevalence: Germany 50%, Netherlands 
80% (Bartels et aI., 2006), Denmark 20% (Jensen et aI., 1999), and 
France 6-47% (Pitel et aI., 2001). 
It is known that N. caninum has the most efficient vertical 
transmission of all known pathogens of cattle (Dubey et aI., 
2007). If these imported heifers had been in contact with the 
parasitic forms of N. caninum in a provenience country, they 
could have contaminated their descendants, which today are 
stabling cattle farms in southern Romania. Although this fact was 
not demonstrated in our research, it is important to know the 
infectious status of the animals or the herd from which they 
purchased.-
Most positive samples in this study had a "high positive 
reaction" (Table II). Based on these findings, it can be said that 
the specific antibody titer to N. caninum infection is high in herds 
in the south of Romania. As the antibody titer is an indirect 
indicator of antigenic exposure to the immune system, an increase 
in antibody titer may reflect an increase in parasite activity and 
multiplication in the host (Innes et aI., 2005). Specific IgG levels 
increase during the first week and continued until 3-6 mo after 
experimental primary infection and may persist for life. However, 
they may fluctuate and sometimes decrease below the detection 
limits of serological tests (Dubey and Schares, 2006). Variations in 
N. caninum-specific antibody levels also have been found during 
pregnancy (Pare et aI., 1997). In particular serological tests, 
aborting dams from herds with endemic bovine abortion have 
higher antibody levels than dams from herds afflicted by a recent 
abortion outbreak (Dubey and Schares, 2006). 
The prevalence of 40.3% revealed by this study is in accordance 
with previously published data on neosporosis in cattle from 
Romania. The reported values of seroprevalence of N. caninum 
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TABLE IV. Seroprevalence of N. caninum infection in imported cattle from 
4 dairy farms in the south of Romania. 
Positive samples 
County Country of origin +*/nt %t 
Olt Germany 1/15 6.66 
Arges Germany 1/26 3.84 
Arges the Netherlands 0/4 0.00 
Arges Denmark 2/9 22.22 
Giurgiu France 11/15 73.33 
Teleorman France 2123 8.69 
Total 17/92 18.47 
* +: animals with anti-N caninum antibodies. 
t n: number of animals. 
t %: average prevalence. 
infection in cows were 20.0% (Ionescu et aI., 2002), 5.4% (Suteu 
et aI., 2008), 19.3% (Gavrea and Cozma, 2009), and 56.0% 
(Gavrea and Cozma, 2010). 
Internationally, the prevalence of infection with N. caninum 
varies in serological surveys. In Europe, herd prevalence for dairy 
herds were estimated to be 16% in Sweden, 50% in Germany, 63% 
in Spain, and 80% in the Netherlands using a standardized cross-
sectional study design and harmonized serological techniques 
(Bartels et aI., 2006). In the latter study, within-herd prevalence 
varied greatly, with very few herds in Sweden having more than 
10% seropositive animals, but more than 10% of the herds had 
within-herd prevalences between 50 and 100% in Spain. The 
parasite frequently is passed from mother to calf with no signs of 
disease, thus maintaining subclinical infection in the herd (Ortega-
Mora et aI., 2007). Studies from the United States and other 
geographical regions, including Europe, have suggested signifi-
cant economic losses associated with N. caninum infection in 
cattle, resulting in reproductive failure (Dubey et aI., 2007). 
Our study emphasizes that N. caninum infection in dairy cattle 
is widespread in the south of Romania. However, further 
epidemiological studies are needed to determine the extent of 
abortion caused by N. caninum in this area and to assess the 
economic impact and involved risk factors. Finally, a serological 
screening across the country is planned in order to assess the 
actual national prevalence of N. caninum infection, followed by 
implementation of a prevention and control program. 
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THE ROLE OF ALTERNATE HOSTS IN THE ECOLOGY AND LIFE HISTORY OF 
HEMATODINIUM SP., A PARASITIC DINOFLAGELLATE OF THE BLUE CRAB 
(CALLINECTES SAPIDUS) 
Katrina M. Pagenkopp Lohan, Kimberly S. Reece, Terrence L. Miller*, Kersten N. Wheeler, Hamish J. Small, and 
Jeffrey D. Shields 
The Virginia Institute of Marine Science. The College of William & Mary, P.O. Box 1346, Gloucester Point, Virginia 23062. e-mail: jeff@vims.edu 
ABSTRACT: Hematodinium sp. infections are relatively common in some American blue crab (Callinectes sapidus) populations in 
estuaries of the western Atlantic Ocean. Outbreaks of disease caused by Hematodinium sp. can be extensive and can cause substantial 
mortalities in blue crab populations in high salinities. We examined several species of crustaceans to determine if the same species of 
Hematodinium that infects C. sapidus is found in other crustaceans from the same localities. Over a 2-yr period, 1,829 crustaceans were 
collected from the Delmarva Peninsula, Virginia, examined for the presence of infections. A portion of the first internal transcribed 
spacer (ITS1) region of the ribosomal RNA (rRNA) gene complex from Hematodinium sp. was amplified and sequences were 
compared among 35 individual crustaceans putatively infected with the parasite, as determined by microscopic examination, and 4 
crustaceans putatively infected based only on PCR analysis. Of the 18 crustacean species examined, 5 were infected with Hematodinium 
sp. after microscopic examination and PCR analysis, including 3 new host records, and an additional species was positive only via PCR 
analysis. The ITSI rRNA sequences of Hematodinium sp. from the infected crustaceans were highly similar to each other and to that 
reported from C. sapidus (>98%). The similarity among these ITSI sequences and similarities in the histopathology of infected hosts is 
evidence that the same species of Hematodinium found in C. sapidus infects a broad range of crustaceans along the Delmarva Peninsula. 
Our data indicate that the species of Hematodinium found in blue crabs from estuaries along the east coast of North America is a host 
generalist, capable of infecting hosts in different families within the Order Decapoda. Additionally, evidence indicates that it may be 
capable of infecting crustaceans within the Order Amphipoda. 
The American blue crab, Callinectes sapidus, supports regional 
fisheries along the eastern seaboard and Gulf of Mexico in the 
United States. Landings for the fisheries averaged 213 million 
pounds from 1989-1993 with a dockside value of US$137 million 
in 1994 (Johnson et aI., 1998). In Chesapeake Bay, the blue crab 
fishery had an average dockside value of US$53.1 million between 
1990 and 1994 (Rugolo et aI., 1998); however, in 2007, the total 
harvest was only 43.5 million pounds, which was the lowest on 
record since 1945 (Chesapeake Bay Advisory Report, 2008). Blue 
crabs are subject to overexploitation, pollution, summer hypoxia, 
degraded nursery habitat, and disease in the Chesapeake Bay 
region, and all of these factors have potentially contributed to the 
current decline of this fishery (Kennedy et aI., 2007). 
One possible reason for the decline of C sapidus populations in 
high salinity areas of the Chesapeake Bay region may be the 
presence of a parasitic dinoflagellate, Hematodinium sp., which can 
reach extremely high prevalence in crabs from coastal embayments. 
Newman and Johnson (1975) reported a prevalence of 30% from 
Florida, while Messick (1994) observed prevalence as high as 90% 
in samples containing juvenile, post-juvenile, and adult blue crabs 
from the coastal bays of Maryland and Virginia. Messick and 
Shields (2000) reported a prevalence of > 30% from Florida, South 
Carolina, Delaware, and Virginia and a prevalence of >50% has 
been observed in coastal Georgia (Gruebl et aL, 2002). The 
majority of blue crabs naturally infected with Hematodinium sp. do 
not survive for more than 35 days (Messick and Shields, 2000), 
while those experimentally infected live only 40-55 days post-
infection (PI) (Shields and Squyars, 2000), indicating that crabs 
from areas with a high prevalence of Hematodinium sp. likely suffer 
significant mortality due to this pathogen. 
Hematodinium and Hematodinium sp.-like parasites have been 
reported from >30 different crustaceans (for review, see 
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Stentiford and Shields, 2005), and most of these infections have 
been diagnosed using histological analysis of tissues. However, 
relatively few studies have used molecular techniques to determine 
whether or not the same species of Hematodinium infects multiple 
crustacean species from the same geographic regions. 
Molecular evidence indicates that 2 species of Hematodinium-
like parasites infect multiple crustacean species in the waters of 
the United Kingdom (U.K.). Based on ITSI region sequences, 
Small, Shields, Moss et aL (2007) concluded that I species of 
parasite infects the Norway lobster, Nephrops norvegicus, the 
edible crab, Cancer pagurus, and a hermit crab, Pagurus 
bernhardus, from the U.K. as well as the snow crab, Chionocetes 
opilio, from Newfoundland. Similarly, sequence data from the 
rRNA gene complex (SSU-ITSI-5.8s-ITS2) showed that the same 
Hematodinium-like species also infects N. norvegicus, C pagurus, 
Carcinus maenas, Liocarcinus depurator, Munida rugosa, Necora 
puber, P. bernhardus, and Pagurus prideaux from Scotland 
(Hamilton et aL, 2007; Hamilton et aI., 2009). Using small 
subunit (SSU) rRNA gene sequences of Hematodinium spp. from 
8 different host species obtained from 3 different locations, Jensen 
et aL (2010) proposed that a single Hematodinium species is 
capable of infecting boreal crustaceans worldwide. A second 
parasite species, Hematodinium perezi (Chatton and Poisson, 
1931), has also been reported to infect 2 hosts, Liocarcinus 
depurator and Carcinus maenas, in the waters surrounding the 
U.K. 
Less molecular data have been generated for crustaceans 
infected with Hematodinium sp. along the eastern seaboard of 
the United States. Small, Shields, Hudson et aL (2007) used a 
restriction fragment length polymorphism assay to delineate 
between Hematodinium spp. infecting C sapidus, L. depurator, 
and Portunus trituberculatus and suggested, based on a similar 
banding pattern, that a single species of Hematodinium infects 
blue crabs in Virginia and Georgia; however, sequence data are 
necessary to confirm this finding. Messick and Shields (2000) 
reported Hematodinium sp. infections in C maenas (8% preva-
lence from Maryland coastal bays), Callinectes simi/is (0.7% from 
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FIGURE I. Sampling locations for this study along the Delmarva 
Peninsula, Virginia (Source: Google maps.). 
Georgia), and 3 species of mud crabs (8%). They also reported 
finding Hematodinium-like infections (8.5%) in I sample of 
gammarid amphipods from a coastal bay in Maryland. However, 
no molecular work was conducted to determine that these 
crustaceans were actually infected with the same species of 
Hematodinium found in C sapidus. Sheppard et al. (2003) stated 
that the Hematodinium sp. in the spider crab, Libinia emarginata, 
and the stone crab, Menippe mercenaria, is the same or very 
similar to that found in blue crabs; however, they analyzed the 
highly conserved SSU rRNA gene. A more variable region, such 
as the ITSI region, could demonstrate more conclusively that 
these are the same species of Hematodinium. 
The purpose of the present study was to determine if the same 
species of Hematodinium that infects blue crabs along the 
Delmarva Peninsula infects other crustaceans in the same region. 
To explore this, we collected various crustacean species from 
multiple sites along the Delmarva Peninsula, determined infection 
status via microscopy and diagnostic peR, and then compared 
ITSI region sequences of the Hematodinium sp. collected from 
these individuals to ITSI region sequences of Hematodinium sp. 
collected from C sapidus that we sampled and those previously 
deposited in GenBank. We used the ITS region because it is a 
commonly used molecular marker for distinguishing between 
species of free-living dinoflagellates (Litaker et aI., 2007) and 
other shellfish parasites (Dungan ·et aI., 2002; Moss et aI., 2008). 
We also compared histological sections from several infected host 
species to those from infected blue crabs to evaluate whether 
histological differences exist between the different infected hosts. 
Finally, we conducted pilot inoculation trials to assess the 
infectivity of the Hematodinium sp, from blue crabs in a number 
of the alternate host species. We discuss whether these alternate 
hosts likely represent reservoir or incidental hosts for this parasite 
and the potential impacts both of these roles may have on 
infection dynamics in blue crab populations, 
MATERIALS AND METHODS 
Specimen collection 
Crustaceans were collected from 3 primary sites (Chincoteague Bay, 
Wachapreague Creek, and Fisherman Island) on the Delmarva Peninsula, 
Virginia in 2008 (May, September- December) and 2009 (May-December, 
see Fig. I). Four additional sites (Pungoteague Creek, Cherrystone Creek, 
Oyster Creek, and Metompkin Bay) were sampled in 2008. With the 
exception of Pungoteague Creek and Cherrystone Creek, these sites are all 
located on the seaside of the Delmarva Peninsula. Over the years this 
study was conducted, the salinity ranges for these sites were: Chincoteague 
Bay 29-34 practical salinity units (psu), Metompkin Bay 30- 33 psu, 
Wachapreague Creek 26-34 psu, Oyster Creek 30-31 psu, Fisherman 
Island 28-31 psu, Cherrystone Creek 23-25 psu, and Pungoteague Creek 
15-20 psu. In addition to blue crabs, the following species were collected: 
mud crabs (Eurypanopeus depressus, Panopeus herbstii, Dyspanopeus sayi, 
and Hexapanopeus angllstifrons), spider crabs (Libinia emarginata and 
Libinia dubia), Cal/inectes simi/is, Cancer spp. crabs (C irroratus and C 
borealis), hermit crabs (Pagurus longicarplIs, Pagul'Us pollicaris, and 
Clibanarius vitlatus), Hemigrapsus sanguineus, Portunus spinimanus, 
Portunlls gibbesii, Ovalipes ocellatus, Palaemoneles spp. (grass shrimp), 
and caprellid amphipods (Caprel/a equilibra and Caprel/a geometrical. 
Species identifications were confirmed using Williams (1984) as the 
primary source as well as internet sources (www.usgs.gov), Weiss (1995), 
McCain (1965), and Lippson and Lippson (1997). 
Most large crustaceans (spider crabs, portunid crabs, Cancer spp., and 
hermit crabs) were caught in crab pots with blue crabs, though some were 
also caught while trawling or dredging in the Wachapreague Inlet system. 
Mud crabs were collected from small metal or plastic cages, filled with 
oyster shells, that were deployed in the same general areas as crab pots. 
Occasionally, additional mud and shore crabs were collected from the 
oyster flats at Wachapreague Creek by hand or from trawling or dredging 
within the Wachapreague Inlet system. Grass shrimp (Palaemonetes spp.) 
were caught in mud crab traps from Wachapreague Creek in December 
2008. Caprellid amphipods were collected from algae attached to the buoy 
lines of the mud crab cages. 
Infection status 
For all decapod crustaceans > 10 mm carapace width (CW; n = 1,344), 
hemolymph was drawn from the arthrodial membranes with a 27-ga. 
needle. Hemolymph subsamples were mixed 1: 1 with 0.3% neutral red in 
crustacean saline (modified from Appleton and Vickerman, 1998; see 
Shields and Squyars, 2000) and smears were examined with a light 
microscope at x 100 and X400 magnification for uptake of the dye into the 
parasite vacuoles (Stentiford and Shields, 2005). As it was difficult to draw 
hemolymph from the small mud crabs, those <10 mm CW (n = 269) were 
dissected and squash preparations of small pieces of gill were stained and 
examined as above. If Hematodinium sp. was viewed on the hemolymph 
smears, 500 III of hemolymph was obtained and placed in 500 III of 95% 
ethanol and stored at - 20 C. If Hematodinium sp. was viewed on smears 
from the < 10 mm CW crustaceans, whole animals were first frozen, then 
transferred into 95% ethanol, and saved for later molecular analysis. 
Grass shrimp, Palaemonetes spp., were examined solely by histological 
examination; their bodies were preserved whole in Bouin's solution (Fisher 
Scientific, Pittsburgh, Pennsylvania). Caprellid amphipods were examined 
either by histological examination or PCR analysis. Those kept for 
histological analysis were preserved whole in neutral buffered formalin 
while those kept for PCR analysis were preserved whole in 95% ethanoL 
Due to potential differences in the morphologies and life history stages 
of the parasite, if an organism viewed on the microscope exhibited neutral 
red uptake characteristic of Hematodinium sp., the host was saved for 
further processing. When possible, infections from microscopic diagnosis 
were confirmed as Hematodinium sp. by PCR. As recommended by 
Burreson (2008), an organism was considered infected if the parasite was 
observed in hemolymph smears, tissues smears, or after histological 
examination but not when a parasite was only detected via PCR. 
DNA extraction and peR 
For hemolymph samples, 200 III of hemolymph in 95% ethanol 
suspension was centrifuged at 1,500 g for 1 min and excess ethanol was 
removed. The sample was then allowed to sit for -30 min to allow for 
evaporation of residual ethanoL For whole crabs, 3everal tissues (gills, 
heart, muscle, or percentage of the whole, depending on size) were 
macerated using a sterile scalpel blade and blotted to remove residual 
ethanoL Caprellid amphipods were macerated whole with a sterile scalpel 
blade and blotted to remove residual ethanoL 
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Following an overnight digestion with proteinase K, DNA was 
extracted from all samples using a Qiagen Tissue and Blood kit (Qiagen, 
Valencia, California) following the manufacturer's instructions for animal 
tissues. All DNA samples were eluted in 1000 of buffer, which was passed 
over the column twice and incubated on the column for 5 min each time to 
increase DNA yield (Audemard et aI., 2004). All extractions completed 
within the same day included a blank column extraction which, when 
subjected to PCR analysis alongside samples, served as a control for 
extraction contamination. The original DNA elutions were stored at 
-20 C while separate aliquots (20 0), which were made to avoid 
contamination of original DNA elutions, were stored at 4 C. Each DNA 
sample was quantified using a NanoDrop 2000 (Thermo Scientific, West 
Palm Beach, Florida). 
A general metazoan PCR primer set, nSSU A (5'-AACCTGGRTT-
GATCCTGATCCTGCCAGT-3') and nSSU B (5'-GATCCTTCCG-
CAGGTTCACCTAC-3') (modified from Medlin et aI., 1988), which 
targets the SSU rRNA gene, was used to determine if high molecular 
weight DNA was present in the extracted DNAs. PCR reagents consisted 
of 1 X PCR Buffer (Invitrogen, Carlsbad, California), 1.5 mM MgCI2, 
0.2 mM dNTP, 1 JlM each primer, 0.4 mg/ml BSA, 0.025 units Taq 
polymerase (Invitrogen), and water to a final volume of 25 Jll or 10 0. 
Thermocycling was carried out using a PTC-200 Peltier Thermal Cycler 
(MJ Research, Waltham, Massachusetts) with an initial denaturation of 
94 C for 4 min followed by 40 cycles of 94 C for 30 sec, 45 C for 30 sec, 
72 C for 2 min, and a final extension of 72 C for 5 min. An aliquot of the 
PCR product (5 Jll) was electrophoresed on an agarose gel (2% w/v) and 
visualized under ultraviolet (UV) light after ethidium bromide staining. 
The expected fragment size was -1,700 bp. 
For all samples collected during both years, a second PCR assay 
targeting the more variable ITSI region of the rRNA gene complex of the 
parasite was used (Small, Shields, Hudson et aI., 2007) to verify the 
presence of Hematodinium sp. Amplifications contained the following: 1 X 
PCR Buffer, 1.5 mM MgCI2, 0.1 mM dNTP, 0.5 JlM HITSIF (5'-
CATTCACCGTGAACCTTAGCC-3'), 0.5 JlM HITSIR (5'-CTAGT-
CATACGTTTGAAGAAAGCC-3'), 1 unit Taqpolymerase, and water to 
a final volume of 200 or 10 Jll. Thermocycling was carried out with an 
initial denaturation of 94 C for 5 min followed by 35 cycles of 94 C for 
30 sec, 58 C for 30 sec, 72 C for 90 sec, and a final extension of 72 C for 
5 min. The PCR product (5 Jll) was electrophoresed on a 2% w/vagarose 
gel and visualized under UV light after ethidium bromide staining. The 
expected fragment was 302 bp in size. Due to non-specific amplification 
observed after the caprellid samples were assayed, the ITSI region PCR 
assay for the caprellids was further optimized with a final concentration of 
1 mM MgCI2, an annealing temperature of 58 C, and a total of 40 cycles. 
An assay targeting the SSU rRNA gene of Hematodinium sp. designed 
by Gruebl et al. (2002) was used on samples collected in 2008 and on all 
the caprellid amphipods. This assay was used to validate the presence of 
Hematodinium spp. or Hematodinium-like parasites as this assay targets 
the SSU rRNA gene, which is more conserved than the variable ITSI 
region, increasing the potential for detection of other species in the genus 
if present. The assay was modified so that each reaction contained 1 X 
PCR Buffer, 1.5 mM MgCI2, 0.1 mM dNTPs, 0.5 JlM Hemat-F-1487 (5'-
CCTGGCTCGATAGAGTTG-3'), 0.5 JlM Hemat-R-1654 (5'-GGCTG-
CCGTCCGAATTATTCAC-3'), 1 mg/ml BSA, 1 unit Taq Polymerase, 
and water to a final volume of 20 Jll. As above, thermocycling was carried 
out using a PTC-200 Peltier Thermal Cycler (MJ Research) with an initial 
denaturation of 94 C for 10 min followed by 35 cycles of 94 C for 30 sec, 
56 C for 30 sec, 72 C for 1 min, and a final extension of 72 C for 10 min. 
An aliquot of PCR product (5 Jll) was electrophoresed on a 2% (w/v) 
agarose gel and visualized under UV light after ethidium bromide staining. 
The expected fragment was 187 bp in size. Due to non-specific 
amplification in the caprellid samples, the SSU rRNA gene PCR assay 
for the amphipods was further optimized with a final concentration of 
1 mM MgCI2, an annealing temperature of 58 C, and a total of 40 cycles. 
A negative control, consisting of no DNA, was included in all of the 
diagnostic PCR assays and a positive control, consisting of either DNA 
extracted from Hematodinium sp. culture material or a sample that had 
reliably amplified in the past, was included in all diagnostic PCR assays. 
Cloning and sequencing of parasite DNA 
Sequence data were used to determine if the same species of 
Hematodinium infected blue crabs and all other crustaceans. The PCR 
products from the diagnostic assay for the ITSI region were cloned and 
sequenced as described in Moss et al. (2008). Briefly, samples were cloned 
with a TOPO® TA cloning kit (Invitrogen) using half of the total volume 
of cells and vector recommended by the manufacturer's instructions. 
Plasmid DNA was extracted from individual colonies following a boil-
prep method and screened using M13 vector primers. An aliquot of the 
PCR product (5 0) was visualized under UV light on a 2% (w/v) agarose 
gel after ethidium bromide staining. Fragments of appropriate size 
(-500 bp) were purified with exonuclease I and shrimp alkaline 
phosphatase (USB Corporation, Cleveland, Ohio). The purified PCR 
product was used as the template for sequencing with the M 13 primers and 
the Big Dye® Terminator kit (Applied Biosystems, Norwalk, Connecticut) 
using an eighth of the reaction size recommended. All samples were 
bidirectionally sequenced. The sequencing reactions were precipitated 
using an ethanol/sodium acetate protocol (ABI User Bulletin, 11 April 
2002), resuspended in Hi-Di formamide (Applied Biosystems), and 
electrophoresed on a 3130xl Genetic Analyzer (Applied Biosystems). 
Due to the lack of variation observed in the initial cloned ITSI 
sequences and to reduce costs, the ITSI region was directly sequenced for 
positive samples collected after September 2009, excluding amphipods, 
using the HITSIF and HITSIR primers as described above. When 
samples were cloned, 1-5 clones per sample were sequenced. 
Sequence analysis 
Hematodinium sp. sequences from all hosts were edited with Codon-
Code Aligner (CodonCode Corp, Dedham, Massachusetts). Hematodi-
nium sp. sequences obtained from the same host species were aligned and 
compared using CodonCode Aligner and MacClade 4.07 OSX (Madison 
and Madison, 2001) to examine the similarity within the same host. These 
sequences were then compared to sequences of Hematodinium sp. from 
blue crabs deposited in GenBank (National Center of Biotechnology 
Information; DQ925230 and DQ925231), then to sequences from blue 
crabs collected in this study from Chincoteague Bay, Virginia (GenBank 
JN368147-JN368148), and finally to sequences of Hematodinium sp. from 
the other hosts examined in this study (GenBank JN368149-JN368194). 
The alignment of blue crab and alternate host sequences was done using 
statistical parsimony testing known as TCS 1.21 (http://darwin.uvigo.es/ 
software/tcs.html; Templeton et aI., 1992), with gaps treated as a fifth 
state, to determine if host groupings occurred. 
Histological preparation and examination 
For histological assay, several tissues (hepatopancreas, heart, epidermis, 
muscle, gills, and gonads) from presumably infected C. sapidus, L. 
emarginata, and L. dubia were removed and preserved in Bouin's solution 
(Fisher Scientific). After 48 hr of preservation in either Bouin's or 10% 
neutral buffered formalin, tissues were transferred into 70% ethanol until 
further processing. Gill tissues, whole Palaemonetes spp., and whole 
Caprella spp. were decalcified 24 hr in formic acid-sodium citrate (Luna, 
1968). All tissues were processed using routine paraffin histological 
techniques and stained with Mayer's hematoxylin and eosin (Luna, 1968). 
Slides were examined with an Olympus BX51 compound microscope 
(Olympus America, Center Valley, Pennsylvania) and images were 
captured using a Nikon DXMl200 digital camera and the ACT-l 
computer program (Nikon, Melville, New York). 
When present, the life history stage and the relative intensity of the 
parasite were noted. The life history stages of the parasites in the tissues 
were categorized as amoeboid or multinucleated trophonts, clump 
colonies, prespores, or dinospores. The relative intensity of infection was 
rated on a semi-quantitative scale: no parasite cells present; light infection 
(1-5 parasites per microscopic field at X400); moderate infection (5-20 
parasites per field); or heavy infection (20+ parasites per field) as in 
Wheeler et aI., (2007). Morphological changes to the tissues were noted, if 
present. 
Inoculation trials 
Pilot inoculation trials were conducted to assess the susceptibility of 
alternate hosts to the Hematodinium sp. from C. sapidus. Animals used in 
the inoculation trials were held for 1 wk, bled, and their hemolymph was 
microscopically examined for Hematodinium sp., as described above, prior 
to inoculation. Post-inoculation, hemolymph was microscopically exam-
ined for Hematodinium sp. monthly for 3-5 mo. 
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Three separate inoculation trials were conducted with spider crabs, L. 
dubia, and L. emarginata, at 3 different times. Libinia dubia were collected 
from pots off the Virginia Institute of Marine Science (VIMS) pier, i.e., 
York River, 37"14'4S.96"N, 76°29'S9.S2"W, and 8 L. emarginata were 
collected from Chincoteague Bay, 37°S7'07.79"N, 7so24'S4.33'W, Virginia. 
Spider crabs were inoculated with 100 ~I of infected blue crab hemolymph 
with a heavy infection of amoeboid trophonts. For this study, the moderate 
dose of inoculum described refers to infected blue crab hemolymph with 
approximately 80-90% Hematodinium sp. cells and few host hemocytes 
remaining. Post-inoculation, the spider crabs were held 1-2 per tank in 38-L 
tanks at 26-32 psu and 23 C. Water quality was monitored throughout each 
experiment and water changes were performed to maintain ammonia, 
nitrite, and nitrate (Hach Co., Loveland, Colorado) concentrations within 
normal limits. The trials with L. dubia were conducted for 3-S mo and those 
with L. emarginata for 3 mo. For positive controls, blue crabs (n = 10, IS, 
10) were inoculated with the same infected hemolymph and held under the 
same environmental parameters in each tria!. 
For the infection trial with mud crabs, 20 P. herbstii were collected from 
the VIMS pier and inoculated with 2S ~I of infected blue crab hemolymph 
with a moderate infection of amoeboid trophonts. For this study, a 
moderate infection refers to approximately 4.0 X 105 to 2.0 X 106 parasites 
per ml of hemolymph as in Shields and Squyars (2000). The mud crabs 
were held together in a 38-L tank at 26 psu and 23 C. Water quality was 
monitored as above. This trial was conducted for 3 mo. For positive 
controls, blue crabs (n = 10) were inoculated with the same infected 
hemolymph and held under the same environmental conditions. 
Host specificity 
Two host specificity indices were used to analyze data on the host range 
of the parasite. The first host specificity index calculates the average 
taxonomic distance among the host species infected by the parasite, 
STD = l: l: roy 
s(s-l) (I) 
(http://www.otago.ac.nz/zoology/downloads/poulinlTaxoBiodivl.21; Pou-
lin and Mouillot, 2003), where s is the total number of host species, i andj 
are the different host species, and roij is the taxonomic distinctness between 
the host species. The second host specificity index combines the taxonomic 
relatedness of the host species with the prevalence of the parasite in each 
host species, 
(2) 
(http://www.otago.ac.nzlpararsitegroup/DownloadslTaxoBiodiv2.zip (ac-
cessed 16 November 2011); Poulin and Mouillot, 200S), where s, i, j, and 
roij are dermed as above and Pi and Pj are the prevalence of the parasite in 
different host species i and j. The first host specificity index gives information 
on the taxonomic relationships of the included host species, whereas the 
second host specificity index weights the taxonomic relatedness of the host 
species by the relative distribution of the parasite in the different host species. 
For both indices, a larger number indicates that the host species are not 
closely related, while a smaller number indicates that the host species are 
closely related. Using the classic S taxonomic levels, the maximum value 
either index can obtain is S, when all hosts belong to different phyla, and the 
minimum value either index can obtain is 1, when all hosts are congeners. 
The ITIS classification system was used to determine relatedness of all 
the alternate hosts (Table 1; http://www.itis.gov/); however, only the 
traditional classifications (Phylum, Class, Order, Family, Genus, and 
Species) were used for the host specificity indices. For the second index, 
overall prevalence was used, including the prevalence for blue crabs, which 
was calculated from equivalent locations and time frames reported here (J. 
Shields, unpub!. obs.). In this study, the overall prevalence refers to the 
prevalence of Hematodinium sp. over the entire time frame of the study 
and includes every site. Due to the fact that the caprellid amphipods were 
only positive via PCR and parasites could not be visualized histologically, 
the 2 indices were conducted with, and without, this host species. 
Additionally, a separate host specificity analysis was conducted using all 
purported crustacean hosts that were reported from locations within the 
blue crab range (data from Stentiford and Shields, 200S). This analysis 
was conducted separately as there was no means of verifying, via sequence 
data, that these hosts were infected with the same species of parasite. 
RESULTS 
Prevalence and intensity 
Excluding C. sapidus, a total of 1,829 crustaceans was caught and 
examined for infection by Hematodinium sp. over the 2008-2009 
sampling period. Several taxa were represented including 2 Orders 
and 6 Superfamilies within the Infraorders Brachyura, Anomura, and 
Caridea (Table I). Other than in blue crabs, Hematodinium sp. 
infections were found in 35 crustaceans, based on both microscopic 
and PCR analysis, including 3 new hosts for this parasite, i.e., L. 
dubia, P. pollicaris, and E depressus (Table I). Four C. geometrica 
were positive for Hematodinium sp. by PCR analysis; however, 
infection could not be confirmed as parasite cells were not observed in 
the caprellids that were processed via histology. Of the 592 alternate 
hosts sampled in 2008, 6 (1.0%) were positive for Hematodinium sp. 
(Table II). Of the 1,198 alternate hosts sampled in 2009, 33 (2.8%) 
were positive for Hematodinium sp. (Table II). There were 15 
individuals putatively infected via microscopic examination that 
were negative by PCR analysis; they were excluded from the analysis. 
For the alternate hosts, the highest overall prevalence in a 
single host group was observed in spider crabs (4.7%), followed 
by mud crabs (2.7%) (Table I). Within a species, the highest 
overall prevalence was observed in the spider crab, L. dubia 
(17.6%), followed by <10 mm CW mud crabs (8.2%) (Table I). 
A significantly higher overall prevalence was seen in the 
alternate hosts in 2009 when compared to 2008 (X2 = 4.65, P = 
0.03). In 2008, the highest prevalence was observed at Cherry-
stone Creek (4.2%, Table II). In 2009, a similar prevalence was 
observed in alternate hosts at Wachapreague Creek (4.1%; 
Table II). The prevalence from Wachapreague Creek (Fisher's 
exact test, t = 2, P = 0.38; n = 2 of 104 in 2008 and n = 14 of 339 
in 2009), Chincoteague Bay (Fisher's exact test, t = 2, P = 0.29; n 
= 2 of 265 in 2008 and n = 6 of 295 in 2009), and Fisherman 
Island (Fisher's exact test, t = 2, P = 0.5; n = 1 of 101 in 2008 and 
n = 13 of 597 in 2009) were not significantly different between 
years. No alternate hosts from Pungoteague Creek, the site with 
the lowest salinity, were positive for Hematodinium sp. and only a 
single L. dubia from Cherrystone Creek, the only other site within 
Chesapeake Bay, was positive for Hematodinium sp. 
The lowest intensity infections were seen in 2 hermit crabs that 
were microscopically diagnosed from a single amoeboid trophont. 
The highest intensity infection was a prespore infection observed 
in 1 spider crab in October 2008, which resembled the heaviest 
infections observed in blue crabs. Amoeboid trophonts were the 
most frequent parasite stage observed in all hosts. 
Of the 6 crustaceans positive for Hematodinium sp. in 2008, the 
majority was caught in the fall (October, n = 2; November, n = 
3). Of the 33 crustaceans positive for Hematodinium sp. in 2009, 
the majority was also caught in the fall (October, n = 14; 
November, n = 7). There was no apparent seasonal relationship 
between prevalence and location or between prevalence and stage 
of infection. 
Monthly prevalence was determined for the 3 taxa with the 
largest sample sizes (majids, xanthids, and anomurans; Fig. 2A-
D). These were compared to the monthly prevalence observed in 
blue crabs from corresponding periods. For the blue crabs, 9-14% 
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TABLE I. Decapod crustaceans collected for this study with the ITIS classifications, the number of each species positive for Hematodinium sp., and 
prevalence, as determined by microscopy and confirmed by PCR, with the exception of the caprellid amphipods which were assessed solely via PCR 
analysis and are noted with an asterisk. Some mud crab species were sometimes difficult to identify and are labeled with question marks. 
Order Family Species 
Decapoda Panopeidae <10 mm mud crab 
Dyspanopeus sayi'! 
Eurypanopeus depressus 
Hexapanopeus angustifrons? 
Panopeus herbstii 
Total 
Pisidae Libinia dubia 
Libinia emarginata 
Total 
Cancridae Cancer borealis 
Cancer irroratus 
Total 
Portunidae Ovalipes ocellatus 
Portunus spinimanus 
Portunus gibbesii 
Callinectes similis 
Total 
Varunidae Hemigrapsus sanguineus 
Total 
Paguridae Pagurus longicarpus 
Pagurus pollicaris 
Diogenidae Clibanarius vittatus 
Total 
Palaemonidae Palaemonetes sp. 
Total 
Amphipoda Caprellidae Caprella equilibra 
Caprella geometrica 
Caprella spp. 
Total 
Grand Total 
prevalence was observed during September-December 2008 
(Fig. 2A). When compared to 2008, a higher prevalence of 
Hematodinium sp. was observed in blue crabs during June and 
July 2009 with a second peak in prevalence occurring October-
December 2009. The prevalence in majids peaked in October 2008 
and again in December 2009 (Fig. 2B). Unfortunately, the sample 
sizes of the majids during the summer months were too low to 
make valid comparisons. A low prevalence was observed in 
xanthids in 2008 (Fig. 2C). The prevalence in xanthids increased 
in 2009, with peaks observed ~n both July and October, 
correlating to the time frame of the peaks seen in blue crabs; 
however, the prevalence observed in the xanthids was lower in 
magnitude at all times compared to the prevalence observed in 
blue crabs. For the anomurans, the only 2 hermit crabs positive 
for Hematodinium sp. were observed in October 2009 (Fig. 2D). 
ITS1 sequence analysis 
In total, 66 sequences were generated for the ITSl region, from 
which 49 consensus sequences were identified and used in the 
analysis of statistical parsimony (TCS). Ten sequence variants 
were observed from the ITSl region for Hematodinium sp. from 
the different hosts examined. ITSl sequences of the Hematodi-
nium sp. from alternate hosts had a >98% similarity to the ITSl 
sequences of Hematodinium sp. obtained from blue crabs. A single 
clone of Hematodinium sp. sequenced from L. emarginata, which 
No. sampled No. positive Prevalence 
269 22 8.2 
246 0 0.0 
288 3 1.0 
9 0 0.0 
228 3 1.3 
1,040 28 2.7 
17 3 17.6 
90 2 2.2 
107 5 4.7 
3 0 0.0 
72 0 0.0 
75 0 0.0 
0 0.0 
0 0.0 
0 0.0 
4 0 0.0 
7 0 0.0 
15 0 0.0 
15 0 0.0 
59 0 0.0 
270 2 0.7 
40 0 0.0 
369 2 0.5 
56 0 0.0 
56 0 0.0 
35 0 0.0 
121 4 3.3 
4 0 0.0 
160 4* 2.5 
1,829 39 2.1 
differed from the previously published sequences of Hematodi-
nium sp. from a blue crab by 5 base pairs (Fig. 3), was responsible 
for most of the variation observed among ITSl sequences. When 
this clone sequence was removed from the alignment, the 
similarity of the Hematodinium sp. ITSl sequences from the 
various hosts was >99%. Single nucleotide polymorphisms or 
single base pair deletions among the clones or samples were 
responsible for the remaining variation observed. 
There were no apparent groupings of the parasite sequences by 
host taxa. In fact, 1 ITSl variant comprised 82% (n = 40) of the 
consensus sequences and was found in all host taxa (Fig. 3). A 
second ITSl variant was observed in both C. sapidus and L. dubia. 
A third ITSl variant was observed in 2 caprellid amphipods. The 
remaining 6 ITSl variants were only observed a single time in the 
alternate hosts. 
Histology and histopathology 
Of the 2 L. emarginata and the 2 L. dubia examined 
histologically, 3 were infected with Hematodinium sp. (Fig. 4). 
One L. emarginata and 1 L. dubia had moderate numbers of 
parasites in the soft tissues (hepatopancreas, heart, and epidermis) 
but presented a heavy infection in the gonads and gills. The other 
L. dubia had a heavy infection in the hemal sinuses of all tissues. 
The second L. emarginata was not infected via histology and was 
used as a comparison for histopathology. The cell type of 
TABLE II. Sample size and prevalence of decapod crustaceans collected at different sites and years. Prevalence is in bold when Hematodinium sp. was present. Chincoteague, Fisherman Island, and 
Wachapreague were sampled in 2008 and 2009 while Cherrystone, Metompkin, Oyster, and Pungoteague were only sampled in 2008. - no host were sampled from the site. 
Chincoteague Fisherman Island Wachapreague Cherrystone Metompkin Oyster Pungoteague 
2008 2009 2008 2009 2008 2009 2008 2008 2008 2008 
< 10 mm mud crab 0% (0/16) 11.9% (5/42) 0% (0/1) 7.1% (7/99) 7.7% (1/13) 12.9% (9/70) 0% (0/8) 0% (0/20) 
Dyspanopeus sayi'? 0% (0/169) 0% (0/24) 0% (0/5) 0% (0/6) 0% (0/6) 0% (0/26) 0% (0/10) 
Eurypanopeus depressus 0% (0/156) 1.5% (1/65) 0% (0/1) 3.0% (2/66) 
Hexapanopeus angustifrons? 0% (0/2) 0% (0/7) 
Panopeus herbstii 0% (0/1) 0% (0/12) 0% (0/18) 1.9% (3/158) 0% (0/39) 
Cancer irroratus 0% (0/12) 0% (0/14) 0% (0/2) 0% (0/44) 
Cancer borealis 0% (0/2) 0% (0/1) 
Libinia emarginata 2.9% (1/35) 0% (0/15) 0% (0/3) 0%(0/12) 100% (1/1) 0% (0/1) 0% (0/22) 
Libinia dubia 0% (0/1) 50% (1/2) 14.3% (1/7) 14.3% (1/7) 
Clibanarius vittatus 0% (0/1) 0% (0/38) 0% (0/1) 
Callinectes similis 0% (0/2) 0% (0/1) 0% (0/1) 
Portunus gibbesii 0% (0/1) 
Portunus spinimanus 0% (0/1) 
Ovalipes ocellatus 0% (0/1) 
Hemigrapsus sanguineus 0% (0/1) 0% (0/14) 
Pagurus pollicaris 0% (0/3) 0% (0/1) 0% (0/59) 1.1% (2/189) 0% (0/1) 0% (0/11) 0% (0/6) 
Pagurus longicarpus 0% (0/57) 0% (0/2) 
Palaemonetes sp. 0% (0/56) 
Caprella equilibra 0% (0/12) 0% (0/7) 0% (0/14) 0% (0/2) 
Caprella geometrica 7.6% (1/13) 3.1% (1/32) 0% (0/9) 3.0% (2/67) 
Caprella spp. 0% (0/3) 0% (0/1) 
Total 0.8% (2/265) 2.0% (6/295) 0.9% (1/101) 2.2% (13/597) 1.9% (2/104) 4.1% (14/339) 6.3% (1/16) 0% (0/14) 0% (0/29) 0% (0/69) 
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FIGURE 2. Monthly prevalence of Hematodinium sp., as determined by microscopy and confirmed by PCR, in the 4 major taxonomic groups 
collected. Total numbers of specimens collected each month are listed along the x-axis. 
Hematodinium sp. varied between crabs and tissue types. One 
moderately infected L. emarginata and I heavily infected L. dubia 
had mostly prespores and dinospores of Hematodinium sp., with 
few amoeboid trophonts and clump colonies, while the moder-
ately infected L. dubia had mostly amoeboid trophonts and a few 
multinuclear trophonts. 
. c:)OmmmudCfilb 
FIGURE 3. A cladistic analysis using sequence data to infer population 
level genealogies generated by TCS 1.21 showing the relationships among 
the different ITS I sequences for Hematodinium sp. from the different 
hosts. Each hash mark represents a single polymorphism, or a gap, and the 
size of the circle is a relative indication of the number of samples included. 
Overall, the histopathological effects of Hematodinium sp. 
infections observed in the Libinia spp. crabs were similar to that 
observed in blue crabs, C. sapidus, collected from the same locations 
and times (Fig. 4). There was a loss of connective tissue from 
edematous changes to the circulatory system, a loss of hemocytes, 
and some distortion in the typical architecture of all tissue types due 
to pressure necrosis from the volume of parasites within the hemal 
sinuses. In the hepatopancreas, the fixed phagocytes were enlarged 
and activated, likely in response to tissue degradation or infection. 
There was also distinct erosion of the epithelial and trabecular cells 
lining the inner gill cuticle. The largest numbers of parasites were 
found in the gill stem and towards the distal tips of the lamellae. In 
addition, the epidermal, gill, and gonadal tissues of the spider crabs 
had increased numbers of parasites compared to the heart, muscle, 
and hepatopancreas of these animals. The major difference in 
pathology observed between the infected spider crabs and blue 
crabs was that infected spider crabs retained intact reserve inclusion 
cells, which were present in the spongy connective tissue cells, while 
the reserve inclusion cells in the blue crabs were depleted and 
atrophied; however, these cells show variability in crustaceans in 
relation to the intensity and duration of the infection as well as to 
the metabolic state of the host (J. Shields, unpub!. obs.). 
No Hematodinium sp. infections were observed in the 56 
Palaemonetes spp. or in the 36 Caprella spp. examined histologically. 
Host specificity 
Overall, Hematodinium sp. infections were observed in 6 
different crustacean species which included 5 genera and 4 
families. As the infections in the caprellid amphipods could not 
be confirmed with histology, the analysis was conducted with, and 
without, C. geometrica. Hermit crabs are separated from the other 
crustacean hosts at the infraorder level; however, the host-
specificity index was only based on the order and family level, not 
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FIGURE 4. Comparison of Hematodinium sp. infections in the hepatopancreases of Libinia spp. and Callinectes sapidus. (A) Libinia dubia (sample 
number = EID 2397) with prespores and amoeboid trophonts present, RI cells reduced but present, loss of connective tissue, and edematous hemal 
sinus. (B) Libinia emarginata (EID 1809) with prespores and amoeboid trophonts present, RI cells absent, loss of connective tissue, and edematous hemal 
sinus. (C) Libinia dubia (EID 7766) with trophonts present, RI cells present, and less damage to the connective tissues than in A and B. (D) Callinectes 
sapidus (EID 1544) with dinospores and prespores present, RI cells absent, nearly complete necrosis of the connective tissue, edematous hemal sinus. 
Key: Tr = trophonts; HP = hepatopancreas; RI = reserve inclusion cells; FP = fixed phagocytes; Pre = prespores; G = granulocytes; D = dinospores. 
Scale = 50 flm. 
at the level of the infraorder. Based on our data, the species of 
Hematodinium principally infecting blue crabs is a host generalist 
with an STD of 2.8 (SD = 0.54), without caprellids, and 3.14 (SD 
= 0.7) with caprellids included. When taxonomic distinctness was 
weighted by prevalence, the STD * was 2.77 without caprellids and 
3.07 with caprellids. 
Inoculation trials 
Hematodinium sp. infections occurred in 96% (n = 43) of the blue 
crabs used as positive controls. None of the L dubia developed 
detectable infections in either of the 2 trials. One L emarginata 
became infected with Hematodinium sp. and sporulated at 47 days 
PI; 'however, no other L emarginata developed detectable 
infections. None of the P. herbstii developed detectable infections. 
DISCUSSION 
Based on the high similarity of the ITSl rRNA region sequences 
obtained (>98%), and the similarity in morphology and pathology 
between host species, we provide evidence that 1 species of 
Hematodinium infects a broad range of crustaceans in the high 
salinity waters of the Delmarva Peninsula, Virginia. That is, this 
species of Hematodinium is a host generalist in this system and 
probably occurs in a wide range of hosts throughout the temperate 
western Atlantic. In the present study, we confirmed infections in C 
sapidus as well as in 5 alternate host species (L dubia, L emarginata, 
E. depressus, P. herbstii, and P. pollicaris) from the Delmarva 
Peninsula, Virginia including 3 new hosts for this parasite, (L dubia, 
E. depressus, and P. pollicaris) , We also report peR evidence for 
Hematodinium sp. in the caprellid amphipod, C geometrica. 
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Our findings of high similarity within the ITS1 region from 
Hematodinium sp. (>98%) are consistent with previously pub-
lished studies. Small, Shields, Hudson et ai. (2007) observed a 
comparable similarity (99%) when they cloned and sequenced the 
ITS1 region from 2 samples of Hematodinium sp. from C. sapidus 
from Wachapreague Creek. In addition, Small, Shields, Moss 
et ai. (2007) reported a >98% similarity among Hematodinium-like 
ITSl sequences from N. norvegicus, C. pagurus, and P. bernhardus 
from the U.K. as well as from C. opilio from Newfoundland and 
Labrador, Canada. Likewise, Hamilton et ai. (2009) reported 97-
100% similarity among Hematodinium-like ITS 1 sequences from C. 
pagurus, N. norvegicus, L. depurator, M. rugosa, N. puber, P. 
bernhardus, and P. prideaux from the Clyde Sea, Scotland. 
There was substantial variation in the prevalence and intensity 
of infections among host species, though the overall prevalence in 
all alternate hosts was low. While we obtained prevalence data for 
Hematodinium sp. infections in the various crustaceans collected, 
the main purpose of this study was to determine the identity of 
the species of Hematodinium infecting these crustaceans. Our 
collection method was biased towards crustacean species that 
entered commercial crab pots and mud crab pots or were readily 
collected by hand. The methods were not necessarily ideal for 
sampling other potential alternate host species. This may explain 
our low sample sizes for many of the crustaceans and likely 
underestimates the prevalence data reported here. 
Though the overall prevalence in alternate hosts was low, 2 
findings are noteworthy. First, the higher prevalence in L. dubia is 
intriguing, especially considering that the prevalence was substan-
tially lower in the closely related L. emarginata. In fact, the 
prevalence in L. dubia (17.6%, n = 22) was comparable to that seen 
in blue crabs sampled at the same times and locations (10.6%, n = 
4,852) and warrants further investigation as to the reason for the 
seemingly high prevalence seen in this alternate host. 
Second, juvenile mud crabs also had a relatively high 
prevalence, which corresponds with previous studies that have 
shown a higher prevalence in juvenile blue crabs compared to 
adults (Messick, 1994; Messick and Shields, 2000). This finding 
supports the argument that juveniles may be important in the 
ecology of infectious diseases of crustaceans and should be more 
extensively sampled (Pestal et ai., 2003; Shields et ai., 2005; 
Stentiford, 2008). However, the mud crab E. depressus is capable 
of achieving sexual maturity at 6 mm CW (Ryan, 1956; 
McDonald, 1982), making it possible that some of the small 
mud crabs were actually adults. 
The Hematodinium sp. in crustacean hosts from the high salinity 
waters of the Delmarva Peninsula is a host generalist capable of 
infecting organisms in several different families within the Order 
Decapoda and possibly the Order Amphipoda. Using host 
specificity indices, the STD of 2.8 calculated for Hematodinium sp. 
in this study (excluding the caprellids) is very similar to the 
specificity calculated for the Hematodinium-like species infecting 
boreal crustacean species (STD = 2.44; SD = 0.8) (host data from 
Ryazanova, 2008; Jensen et ai., 2010), assuming the Hematodinium 
sp.-like species reported from crabs from Kamtchatka, Sea of 
Okhotsk, Russia, is the same species found in other boreal crabs, 
which is supported by partial SSU rRNA sequences in GenBank 
(H. Small, unpubi. obs.). If we assume that Hematodinium sp. 
infections reported from all purported hosts from the temperate 
western Atlantic constitute a single parasite species, then the 
parasite has an STD of 3.46 (SD = 0.62) (data from Stentiford and 
Shields, 2005 and the present study). The STD of 3.17 is similar to 
that for the Hematodinium-like species infecting Norway lobsters in 
the U.K. (STD = 3.07, SD = 0.7), indicating that these 2 parasite 
species have a similar taxonomic range of hosts (host data from 
Small, 2004; Small, Shields, Moss et ai., 2007; Hamilton et ai., 
2009). Poulin and Mouillot (2004) calculated that the average STD 
values for various fish parasites were 2.82 ± 0.48 for trematodes, 
2.99 ± 0.6 for cestodes, and 3.02 ± 0.57 for nematodes. Thus, 
Hematodinium sp. from the blue crab has a host ran~e comparable 
to that observed for some generalist fish parasites. 
The higher STD for the parasites with all purported hosts results 
from the inclusion of caprellid and gammarid amphipods, thus 
increasing the taxonomic distinctness index. In the U.K., Small 
(2004) reported PCR evidence for the presence of Hematodinium-
like DNA in total genomic DNA preparations of a small number 
of scavenging amphipods from the Clyde Sea area; however, a 
more recent study found no evidence of Hematodinium sp.-like 
infections in a larger survey of the same amphipod species 
(Hamilton et ai., 2009). In the blue crab system, Johnson (1986) 
and Messick and Shields (2000) have previously reported 
Hematodinium sp.-like infections from gammarid amphipods via 
histological examination; however, it remains to be determined if 
these infections are the same species of Hematodinium found in 
our study. Our ITSl sequence data indicate that the same 
Hematodinium species may be capable of infecting caprellid 
amphipods, but histological evidence is required to confirm 
infections (see Burreson, 2008 for discussion of this issue). As 
these caprellid species are mainly filter feeders (Caine, 1974, 1977, 
1979), it is possible that DNA from Hematodinium sp. was 
amplified from their gut contents (see Li et ai., 2011). Multiple 
studies have also amplified DNA from Hematodinium sp. from 
the water column (Frischer et ai., 2006; Li et ai., 2010), so it is also 
possible that the amphipod samples were contaminated with 
Hematodinium sp. DNA from the environment. 
Alternate host-parasite associations 
One obvious question to address is, what do all these hosts have 
in common that makes them susceptible to infection? Addition-
ally, how do these hosts differ from those crustaceans that occupy 
the same habitat but do not appear to be hosts? Not surprisingly, 
there is great variety between the diets of these hosts, with all 
being omnivorous to some extent (Roberts, 1968; Caine, 1975; 
Aldrich, 1976; Gerlach et ai., 1976; Scully, 1978; McDonald, 1982; 
Auster and DeGoursey, 1983; McDermott and Trautmann, 1987; 
Ropes, 1989; Mansour, 1992; Stachowicz and Hay, 1999; 
Whitman et ai., 2001; Donahue et ai., 2009). Thus, it is unlikely 
that ingestion or cannibalism is a primary mode of transmission 
for these other hosts, although it has been suggested as a mode of 
transmission for C. sapidus from other geographic locations 
(Walker et ai., 2009). We cannot, however, exclude the ingestion 
of dinospores, either from a food source or through imbibition as 
a mode of entry into hosts. Alternatively, dinospores may be 
capable of penetrating the softened exoskeleton of a post-molt 
crustacean (for review, see Stentiford and Shields, 2005; Frischer 
et ai., 2006). It appears that the majority of these crustaceans molt 
in the warmer months of the year (Ryan, 1956; Van Engel, 1958; 
Hinsch, 1972; Terretta, 1973; Haefner, 1976; Reilly and Saila, 
1978; Swartz, 1978; McDonald, 1982; Williams, 1984; DeGoursey 
and Stewart, 1985; Hines et ai., 1987; Lancaster, 1988; DeGoursey 
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and Auster, 1992). However, the molting cycles of the alternate 
host species are not synchronized among species, which may be 
important to the parasite, as variability in molting between host 
species could serve to guarantee the availability of susceptible 
hosts throughout the year. Interestingly, hosts that molt 
continuously throughout the year, e.g., Pagurus spp., were not 
necessarily more likely to become infected compared to those that 
have a terminal molt, e.g., Libinia spp. 
Roles of the different hosts 
Haydon et aI. (2002) defined reservoir hosts as "one or more 
epidemiologically connected populations or environments in 
which the pathogen can be permanently maintained and from 
which it can be transmitted to the defined target population." We 
agree with that definition because transmission must occur 
between the reservoir host population and the main host 
population, and it may infect both maintenance and non-
maintenance hosts (Small and Pagenkopp, 2011). 
Our data indicate that the same species of Hematodiniwn infects 
several host species; thus, the ecological role of each of these alternate 
host species has implications for the critical threshold of host 
abundance in order for the parasite to remain in the system (Begon, 
2008). The blue crab appears to be an important host for this parasite, 
as infections are common in this host, and the host population 
sustains the parasite at high levels during peaks in prevalence. If the 
other taxa represent true reservoirs with respect to blue crab 
populations, then, if the blue crab population declined, the parasite 
would be maintained in the system by using other crustaceans as 
hosts. If these species represent incidental or spillover hosts, with little 
transmission back to blue crab hosts, then the parasite might be 
eradicated from the system once the blue crab population fell below 
the critical threshold value necessary for transmission. 
As only 2 infected hermit crabs were found over the 2-yr period, 
and many were sampled, we speculate that hermit crabs in this 
system are incidental, or spillover, hosts and are probably not 
important for the maintenance of the parasite in the system. 
However, we speculate that the 2 spider crab species are most likely 
reservoirs because the prespore and dinospore stages, presumably 
the infective stage of the parasite (Frischer et al., 2006), were 
observed in these organisms in the field (L. dubia) and in the 
laboratory (L. emarginata). Additionally, the prevalence observed in 
L. dubia was comparable to that seen in the blue crab. As Libinia spp. 
are believed to migrate to deeper waters during the winter months 
(Winget et aI., 1974), this species -could serve as an overwintering 
host for the parasite or for transport to other habitats. 
The role of the xanthids in this system is less obvious. The 
juvenile mud crabs, which had a higher prevalence than many of 
the other alternate hosts sampled, may be reservoirs of the 
parasite or may be more susceptible to infection than are adults. 
Additionally, the seasonal peaks of infection in xanthids coincide 
with the seasonal peaks seen in the blue crabs, leading us to 
speculate that the xanthid crabs are at least incidental or spillover 
hosts of the parasite. We never observed prespore or spore stages 
in the infected xanthids, making it difficult to determine their role 
as spillover or reservoir hosts. 
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RECENT INCREASE IN NYBELINIA SURMENICOLA PREVALENCE AND INTENSITY IN 
PACIFIC HAKE (MERLUCCIUS PRODUCTUS) OFF THE UNITED STATES WEST COAST 
David R. Bryan, Kym C. Jacobson*, and John C. Buchanant 
University of Miami, Rosenstiel School of Marine and Atmospheric SCience, 4600 Rickenbacker Causeway, Miami, Florida 33149, e-mail: 
dbryan@rsmas.miami,edu 
ABSTRACT: A larval marine cestode was found in 82,0% of 834 Pacific hake (Merluccius productus) stomachs collected from 341 trawl 
stations along the United States west coast during the summers of 2008 and 2009, Morphology and DNA sequencing was used to 
identify the cestode as Nybelinia surmenicola. In an examination of 131 Pacific hake stomachs collected from the same region in 1999, 
N. surmenicola prevalence was 35.1 %. The results from a general linear model suggested that their prevalence is influenced by year and 
latitude, Pacific hake size, and sex. Mean intensity of N. surmenicola in 2008-2009 was 20.22 (± 1.13 SE) and was positively related to 
Pacific hake length and the latitude of collection. Year-l Pacific hake «27 cm length) had significantly lower prevalence and intensity 
of N. surmenicola compared to older and larger fish. Pacific hake collected south of Point Conception, California (32.5 to 35°N) had 
lower prevalence and intensity of N. surmenicola compared to those collected in northern latitudes (35.1 to 48.4°N). Higher N. 
surmenicola prevalence in Pacific hake in recent years suggests food-web fluctuations in the northern California current ecosystem 
caused by changes in ocean transport of zooplankton or pelagic fish distributions and warrants future monitoring as a metric for 
ecosystem change. 
Pacific hake, Merluccius product us, range from southern 
California (25°N) to the Haida Gwaii (Queen Charlotte Islands), 
Canada (55°N) along the continental shelf and slope. The 
population is comprised of a large migratory coastal stock, 2 
smaller inshore stocks in the Strait of Georgia, British Columbia 
and Puget Sound, Washington, and a stock in the Gulf of 
California (Vrooman and Paloma, 1977; Bailey et aI., 1982; 
Iwamoto et aI., 2004). The coastal stock represents the largest 
groundfish biomass in the California current ecosystem (CCE), 
where Pacific hake are considered important predators as well as 
prey (Bailey et aI., 1982; Livingston and Bailey, 1985). Pacific 
hake are not only an integral component of the CCE, but are also 
an extremely important species for the west coast groundfish 
fishery. Between 1966 and 2009, an average of221,000 metric tons 
was landed annually (Stewart and Hamel, 2010). Juvenile and 
adult Pacific hake migrate from California northwards toward 
Oregon, Washington, and British Columbia during the spring and 
summer to feed (Bailey et aI., 1982). Hake feed primarily on 
euphausiids during this migration, but their diet shifts toward fish 
as they grow larger (Bailey et aI., 1982; Livingston and Bailey, 
1985; Rexstad and Pikitch, 1986). In the fall and winter, mature 
hake migrate southwards to southern California to spawn (Bailey 
et aI., 1982). 
Pacific hake are known to harbor as many as 27 different 
species of marine parasites (Love and Moser, 1983; Sankurathri 
et aI., 1983; Moles, 2007). Among these, larvae of the marine 
cestode Nybelinia surmenicola (Oka:da, 1929) have been previously 
described from Pacific hake in the northeast Pacific Ocean 
(Kovalenko, 1970) and in the Strait of Georgia, British Columbia 
(Sankurathri et aI., 1983). Kovalenko (1970) reported a preva-
lence of 14,9% and a range of intensity of 1-20, whereas 
Sankurathri et aL (1983) recorded a prevalence of 2.1 % with a 
range of intensity of 1-10. Oliva and Ba1l6n (2002) found N. 
surmenicola in Peruvian hake (Merluccius gayi peruanus) and 
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Chilean hake (Merluccius gayi gayi), but in low prevalence and 
intensity (9.3% and 2.0% prevalence and mean intensities of 1.6 
and 1.0, respectively). Sardella and Timi (2004) also found 
Nybelinia sp. plerocercoids in the mesenteries of Argentinean 
hake, Merluccius hubbsi, but only from a single location, and with 
a prevalence of 0.87% and a mean abundance of 0.9 (±0.1 SD). 
Nybelinia surmenicola belongs to the order Trypanorhyncha 
and has a complex life cycle that includes crustacean, squid, and 
teleost, and ultimately elasmobranch final hosts (Shimazu, 1999). 
Shimazu (1999) described the euphausiid Euphausia pacifica as 
an intermediate host for N. surmenicola, squid and fish as 
the paratenic hosts, and salmon shark (Lamna ditropis) as the 
definitive host (Shimazu, 1975). 
Despite the occurrence of N. surmenicola in the southern and 
northern Pacific Ocean, little is known about their abundance in 
the coastal stock of Pacific hake. In the present study, we provide 
the first report of N. surmenicola larvae in Pacific hake collected 
along the United States continental west coast shelf and slope 
and report high prevalence of the parasite in 2008 and 2009 
in comparison to earlier reports from Kovalenko (1970) and 
Sankurathri et aL (1983), and to Pacific hake collected in 1999 in 
the CCE (this study). Our data suggest a recent expansion in 
prevalence and intensity of larval N. surmenicola in Pacific hake 
that could reflect environmental changes, or changes in host 
distributions, in the CCE (Lafferty, 1997; Marcogliese, 2001). 
MATERIALS AND METHODS 
Pacific hake and parasite collection 
Pacific hake stomachs were collected as part of an ongoing diet study in 
2008 and 2009 during the NOAA Northwest Fisheries Science Center's 
(NWFSC) West Coast ground fish bottom trawl survey (WCGBTS), 
Additional stomachs were collected in 2009 during the NOAA NWFSC 
Pacific hake integrated acoustic and trawl (IAT) survey. Detailed 
descriptions of the WCGBTS and IAT survey can be found in Keller 
et al. (2008) and Fleischer et al. (2008). The WCGBTS uses an Aberdeen-
style bottom trawl and trawl stations are selected by a stratified random 
sampling design. The WCGBTS runs annually from May until October 
and targets groundfish at depths of 55 to 1,280 m from the U.S. Mexican 
border (32.5°N) to Cape Flattery, Washington (48.2°N). Biological 
sampling during the IAT survey is conducted with an Aleutian wing 
trawl that is designed to fish off the bottom. Trawl stations are not 
randomly chosen, as they are used to classify observed backscatter layers 
from the acoustic survey. The 2009 IAT survey took place between 30 
86 THE JOURNAL OF PARASITOLOGY, VOL 98, NO.1 , FEBRUARY 2012 
• 
Pacific hake were collected in March of 2010 by 2 commercial fishing 
vessels operating out of Newport, Oregon (44.6°N), and immediately 
frozen . Parasites were extracted from 10 thawed stomachs and placed in 
90% ETOH. These plerocercoids were morphologically identical at 40 X 
magnification to those recovered from the Pacific hake surveys. DNA 
extraction from cestode tissue was carried out with the use of a glass-fiber 
plate DNA extraction protocol (Ivanova et aI., 2006). The larval cestodes 
were identified with PCR to amplify the D I- D3 region of the nuclear 28S 
(long) subunit of ribosomal DNA (rDNA) with the use of primers LSU-5 
(5'-TAGGTCGACCCGCTGAAYTTA) and 1200R (5'-GCATAGTT-
CACCATCTTTCGG) (Olson et aI., 2003; Jensen and Bullard, 2010). 
PCR reactions had a final volume of 20 III comprised of 2 III of genomic 
DNA, 004 IlM each primer, 0040 mM of each deoxynucleoside triphos-
phate (dNTP), 2.5 mM MgClz, IX PCR buffer, and I unit of Taq DNA 
polymerase (Promega, Madison, Wisconsin). The temperature and cycling 
parameters included denaturation at 94 C for 2 min, followed by 32 cycles 
at 94 C for 30 sec, 55 C for 45 sec, 72 C for 2 min, followed by 
~ postamplification extension at 72 C for 10 min. PCR products were l' .. Oregon OS 
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purified with the use of ExoSap-IT clean-up protocol (GE Healthcare, 
Piscataway, New Jersey). Cycle sequencing was performed with the use 
of Big Dye terminator reaction mix v3.1 (Applied Biosystems, Foster 
City, California), and excess dye terminators removed by ethanol precipi-
tation. Sequence analysis took place on an ABI 3730xl DNA automated 
sequencer (Applied Biosystems). Sequence editing was conducted with the b use of BioEdit 7.0.1 software (Hall, 1999) and aligned via ClustalW % • • l:~ ... ~ 
' .. -c.., 
r • I , • ....- z 
• C.,lIorn l. II 
'9J}. 
z 
i 
FIGURE I. Trawl stations from which Pacific hake (Merluccius 
productus) were collected. Samples collected in 1999 are represented by 
triangles, those from 2008 are represented by circles, and those from 2009 
by squares. Size of the symbol represents number of samples from 
each station. 
June and 22 August at depths between 50 and 1,500 m from Point Piedras 
Blancas, California (35.7°N) to the northwest tip of Washington (48AON) 
(Fig. I). Between 2008 and 2009 a total of 834 stomachs were examined 
from 341 separate trawl stations. 
Pacific hake were randomly selected from each haul, but hake with signs 
of regurgitation (between 30 and 50%) were excluded from this study. 
Stomachs were immediately removed and placed in cloth bags with a fish 
identification tag. Stomachs were preserved in 10% buffered formalin on 
the research vessels and then rinsed and stored in 70% ethanol at the end 
of each cruise. Total length, weight, and sex of each fish were recorded at 
sea, along with trawl station information including location and depth . 
A subsequent random sample of hake stomachs collected in 1999 during 
NOAA's Alaska Fisheries Science Center's west coast upper continental 
slope (WCUCS) ground fish bottom trawl survey were also examined. The 
1999 WCUCS survey was conducted from the U.SJCanadian border 
(48, I ON) to Point Arguello, California (34SN) at depths between 183 and 
1,280 m. The survey ran from October 14 until November 19 and was 
conducted with a poly Nor'eastern trawl. A more detailed description of 
the survey design can be found in Lauth (2000). 
In the laboratory, stomachs were rinsed in water and contents were 
removed. The total number of N. surmenicola located at 3 different 
locations within the stomach were recorded; those embedded in the 
stomach wall, those partially embedded, and those that were loose 
inside the stomach. Parasite terminology follows Bush et al. (1997). For 
stomachs collected in 2008, only N. surmenicola prevalence was recorded. 
For 2009 and 1999, both prevalence and intensity were recorded. 
Cestode identification 
Specimens recovered from Pacific hake surveys were examined by light 
microscopy and initially identified as belonging to Nybelinia based upon 
Schmidt (1986). For taxonomic confirmation of larval cestodes, additional 
software (Thompson et aI., 1994). Sequence data were deposited into 
GenBank under the accession number JN662466 . 
Data analysis 
Intensity values were log transformed to meet assumptions of normal 
distribution. Linear regressions, (·tests and Pearson's chi-square test were 
used to determine significant factors influencing parasite prevalence and 
intensity. Significant factors were then used to generate a suite of general 
linear models (GLM) to evaluate the significance and interactions between 
these factors on parasite prevalence. Akaike's information criterion (AIC) 
values were calculated for all combinations of factors including main and 
interactive effects. The model with the lowest AIC value was considered to 
describe the relationship between prevalence and the suite of factors best. 
A chi-square test was used to test the significance of main and interactive 
effects for the chosen model. All statistical tests and GLM models were 
performed with the use of R 2.11 .1 (R Development Core Team, 20 I 0). 
RESULTS 
Cestode identification 
Sequence data were obtained for a total of 51 individual wonns, 
and an alignment was constructed with the use of a 79- base-pair 
(bp) region. A single haplotype was recovered, which, through a 
BLAST search, was found to be identical to the corresponding 
region in a specimen of N surmenicola (GenBank accession 
no. FJ572929.1; Palm et aI., 2009). The BLAST search found 98% 
similarity between our specimens and Heteronybelinia cf. estig-
mena; a total of9 nucleotide sites differed across the 795 bp region 
between our sequence and this second best match (GenBank 
FJ572931.1; Palm et aI., 2009), 
Pacific hake samples 
Stomach samples were taken from a wide range in size and 
spatial distribution of Pacific hake (Table I). There was no 
significant difference in mean length between 2008 and 2009 (P = 
0.07, n = 834, t-test), but Pacific hake sampled in 1999 were 
significantly larger (P < 0.00 I, t-test) than both years. There was 
a significant difference in the mean length of hake between males 
(37.41 ± 0.40 SE, n = 429) and females (41.38 ± 0.46 SE, n = 
548) collected during all years (P < 0.001, t-test). A total of 132 
fish were sampled that were less than 27 cm and considered to be 
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TABLE I. Description of Pacific hake (Merluccius productus) samples collected in 1999, 2008, and 2009. 
1999 
Number of fish 131 
Number of tows 34 
Latitude range (ON) 34°28.8 
4T51.0 
Mean depth and range 397 m (193-753 m) 
Mean fork length (cm) 44.15 ± 0.80 SE 
Fork length range (cm) 30-73 
Sex ratio (M:F) 0.51 
year-l fish. There was a small but significant positive relationship 
between Pacific hake length and latitude collected for all years 
(Pearson correlation 0.08, P = 0.01) (Fig. 2). 
Prevalence 
There was a significantly greater prevalence of N. sUl'menicola 
collected in 2009 (88.0%, n = 443) than in 2008 (75.2%, n = 391) 
and in 1999 (35.1%, n = 131) (Pearson's chi-square test, P < 
0.001) N. sUl'menicola prevalence also increased with latitude 
(Fig. 3). Hake caught south of Point Conception, California 
(34SN) in 2008 and 2009 had a significantly lower prevalence of 
N. surmenicola (44.2%, n = 77) compared to those collected north 
of Point Conception (85.9%, n = 757) (Pearson's chi-square test, 
P < 0.001, n = 834). There was a slight trend oflarger fish caught 
in northern waters, but the mean length of fish north of Point 
Conception (38.7 cm) was not significantly different than those 
south of Point Conception (36.8 cm) (P = 0.08, i-test). There was 
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FIGURE 2. Box plots of Pacific hake (Merluccius productus) total length 
by latitude (rounded to OSN bins) for (a) 1999, (b) 2008, and (c) 2009 
samples. Information on median, quartiles, maximum, and minimum 
values are displayed. Open circles represent outliers or actual length values 
from latitudes with sample sizes of 5 or less. 
Year 
2008 2009 
391 443 
190 151 
32°20.1 32°39.5 
48°18.0 48°27.1 
313 m (67-1,052 m) 314 m (65- 1,077 m) 
39.21 ± 0.55 SE 37.92 ± 0.45 SE 
10-72 13- 70 
0.70 0.95 
no spatial trend observed with the data from 1999 (data not 
shown). 
Nybelinia surmenicola prevalence increased with fish length 
(Fig. 4). In 2008 and 2009, fish smaller than 27 cm (estimated to 
be year-l fish) had significantly lower prevalence of N. 
surmenicola (58.3%, n = 32) than those equal to or larger than 
27 cm (86.5%, n = 702) (Pearson's chi-square test, P < 0.001, n = 
834). In 1999, no fish smaller than 37 cm (n = 29) had N. 
surmenicola present in their stomach compared to 67.3% in 2008 
and 2009 (n = 321). There was also a significant difference in N. 
surmenicola prevalence between females (73.6%, n = 535) and 
males (80.7%, n = 415) for all years (Pearson's chi-square test, 
P = 0.01, n = 950). 
Because of potential confounding influences of year, latitude, 
fish length, and host gender, independent (main) and interactive 
effects of these factors were investigated with multiple GLM 
models. Year and fish gender were treated as categorical 
covariates. Partial deviance residuals were plotted with a 
smoothing function for latitude and fish length (Fig. 5). These 
'esiduals show how the positive relationship between prevalence 
md latitude and prevalence and length is not linear and these 
;ovariates were, therefore, both fit with a second-degree 
Jolynomial in the GLM models. The residuals also show the 
mcertainty in the model regarding fish caught at low and high 
.atitudes as well on both ends of the length spectrum. A model 
ns ).)5 ,...5 365 315 )7' lI$ lI5 405 ' ... .s 41-& 435 .w 5 455 4e5 47' ... s 
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FIGURE 3. Prevalence of Nybelinia surrnenicola in Pacific hake 
(Merluccius product us) by latitude with data rounded to 0.5°N bins from 
2008 and 2009 combined. Gray bars represent latitudes south of Point 
Conception, California (34SN). 
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FIGURE 4, Prevalence of Nybelinia surmenicola in different size classes 
of Pacific hake (Merluccius productus), Data collected from 2008 and 2009 
were combined. 
that included all factors as main effects and an interactive effect 
between latitude and year, length and year, and latitude and 
length had the lowest AIC score (Table II), Fish gender as a main 
effect had the least influence on N. surmenicola prevalence and did 
not provide a significant reduction in deviance, but still improved 
the model fit. An interactive effect between latitude and length 
was significant and is explained by higher N. surmenicola 
prevalence in larger hake and those caught at higher latitudes, 
Intensity 
Mean intensity of N. surmenicola in 2009 (not recorded in 2008) 
was 20,22 (± 1.13 SE, n = 390) with a maximum intensity of 157, 
A majority (90,3%) of N. surmenicola was found embedded in 
the stomach wall; 7,6% were found loose within the stomach, 
and 2,1% were found halfway embedded in the stomach, Mean 
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FIGURE 5, Partial deviance residuals for main effects of latitude and 
length on Nybelinia surmenicola prevalence in Pacific hake (Merluccius 
produclus). Dotted lines represent 2 times standard error. 
TABLE II. Selected GLM models used to test the effects of 4 factors on 
Nybelinia surmenicola prevalence in Pacific hake (Merluccius productus) 
with Akaike's information criterion (AlC) scores and delta AlC values 
that were used for model selection, Main effects are represented by (+) and 
interactive effects are represented by (:), Yr = year, Len = length, Lat = 
latitude, and S = sex, 
Model tested AIC score I1AIC 
Yr + Len + Lat + S 750,98 61.80 
Yr + Len + Lat + S + Yr:Len 717AO 28.26 
Yr + Len + Lat + S + Yr:Lat 745,99 56,85 
Yr + Len + Lat + S + Len:Lat 733,65 44,51 
Yr + Lat + Len + S + Yr:Len + Yr:Lat 698A7 9.33 
Yr + Lat + Len + S + Yr:Len + Len:Lat 722,34 33,20 
Yr + Lat + Len + S + Yr:Lat + Len:Lat 725,03 35,89 
Yr + Lat + Len + S + Yr:Len + Yr:Lat + Len:Lat 689AO* 0 
Yr + Lat + Len + Yr:Len + Yr:Lat + Len:Lat 700AI 11.27 
* Indicates the lowest AIC score. 
intensity of N. surmenicola in 1999 was 2,78 (±0,62 SE, n = 46) 
with a maximum of 29 per stomach, 
In 2009, there was a positive correlation between intensity and 
latitude (Pearson's correlation, P = 0,004) but a very low R 
square value (R-squared = 0,018) (Fig, 6). There was no 
significant difference between intensity of N. surmenicola in males 
(21.26 ± 1.42 SE, n = 194) versus females (19,37 ± 1.78 SE, n = 
196) (t-test, P = 0,62, n = 390), Mean N. surmenicola intensity 
was also significantly correlated with hake length (Pearson's 
correlation, P < 0,001, R-square = 0,358) (Fig, 7), Small fish 
estimated to be year-l « 27 cm) had a mean intensity of 2,89 
(±0,32 SE, n = 49) N. surmenicola per stomach compared to a 
mean of 22.70 (± 1.24 SE, n = 341) for fish larger than 27 cm, All 
fish >50 cm were females, and there was a decrease in intensity 
for these larger fish (Fig, 8), 
GLM models were not created to investigate intensity, because 
only latitude and length had significant effects, Pacific hake length 
and latitude collected were also correlated and together had an 
interactive effect on intensity, Larger fish and those collected in 
more northern latitudes had a greater intensity of N. surmenicola, 
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FIGURE 6. Box plot of Nybelinia surmenicola intensity in Pacific hake 
(Merluccius productus) and latitude (rounded to OSN bins) in 2009 with 
information on median, quartiles, maximum, and minimum values. 
Intensity (y-axis) is shown on a logarithmic scale. 
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FIGURE 7. Box plot of Nybelinia surmenicola intensity and Pacific hake 
(Merluccius productus) length in 2009 with information on median, 
quartiles, maximum, and minimum values. Intensity (y-axis) is shown on a 
logarithmic scale. 
DISCUSSION 
Despite the apparent ubiquity of N. surmenicola in the northern 
Pacific Ocean, to the best of our knowledge, this is the first report 
of N. surmenicola from Pacific hake caught in the CCE. Larval N. 
surmenicola have been recovered, often in high prevalence, from 
other fish species caught off Alaska and British Columbia (Moles, 
2007). For example, it occurred in 8.3% of Alaskan pollock 
(Theragra chalcogramma) in the Strait of Georgia in 1972 and 
70.2% of Alaskan pollock from the Queen Charlotte Sound in 
1978 (Arthur et a!., 1982). Nybelinia surmenicola prevalence in 
adult Pacific halibut (Hippoglossus stenolepis) ranged from 3% 
to 65% in 15 regions from northern California to the Bering 
Sea during the summers of 1990-1992, with higher prevalence 
recorded in Alaska (Blaylock et a!., 2003). However, previous 
reports of N. surmenicola from Pacific hake caught in the Strait of 
Georgia (Sankurathri et a!., 1983) and the northeast Pacific Ocean 
(Kovalenko, 1970), indicated prevalence less than 15%. Sankur-
athri et a!. (1983) concluded that with a prevalence of 2.1 %, a 
range of intensity of 1-10, and infections found only in fish larger 
than 41 cm, that N. surmenicola was not a common Pacific hake 
parasite in the Strait of Georgia. Our recent data of greater than 
88% prevalence in the coastal stock sampled off California, 
Oregon, and Washington, shows that N. surmenicola is currently 
a very common parasite of this stock of Pacific hake. This 
prevalence is higher than what has been reported in Alaskan 
pollock (Arthur et a!., 1982) and Pacific halibut (Blaylock et a!., 
2003). This is in contrast to our findings from a smaller sample 
of Pacific hake caught in 1999 that indicate a lower historical 
prevalence (35.1 %). 
The presence and intensity of N. surmenicola have increased 
significantly in the last decade and these measures of infection 
were also found to be positively related to Pacific hake length. An 
increase in prevalence with length was also noted in Alaskan 
pollock and Pacific halibut (Arthur et a!., 1982; Blaylock et a!., 
1998) and has been well documented for other parasite-host 
relationships. Unless the Pacific hake population was aging (or 
average length was increasing), this relationship does not explain 
the temporal increase in prevalence. In contrast to previous 
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FIGURE 8. Nybelina surmenicola intensity for female and male Pacific 
hake (Merluccius productus) by length in 2009. The data were fit with a 
general additive model that explained 42.6% of the deviance and had an 
R-square value of 0.42. 
examinations of small Pacific hake «41 cm [Sankurathri et a!., 
1983] and <37 cm in our 1999 samples), in which no larval 
N. surmenicola were recovered from the smaller fish classes, we 
found a prevalence of 67% in the smaller size classes of Pacific 
hake sampled in 2008-2009 (Fig. 3). Thus, it appears that 
N. surminicola has increased in abundance in both adult and 
juvenile hake. 
Although several factors influence N. surmenicola recruitment, 
once infected, Pacific hake length was the main influencing factor 
on intensity, with some minor influences of latitude. Mean 
intensity of N. surmenicola in hake is comparable to levels 
observed in Pacific halibut (15.8 ± 54.3), which, along with 
Alaskan pollock, also exhibited increased intensity with greater 
length (Arthur et a!., 1982; Blaylock et a!., 1998). Larger fish are 
older and have consumed more prey items, thereby increasing the 
number of N. surmenicola accumulated. An interesting caveat to 
this trend was the decrease in intensity in 2009 for fish larger than 
50 cm, which were all females. Pacific hake diet shifts toward fish 
as they grow larger, and euphausiids become a smaller percent-
age of their diet (Buckley and Livingston, 1997). Given this 
ontogenetic shift in diet away from euphausiids, N. surmenicola's 
first intermediate host species (Shimazu, 1999), an asymptote for 
intensity was expected. Instead, there was a decline in intensity for 
fish larger than 50 cm. There are many possible processes, single 
or in combination, that could lead to this observed age-intensity 
curve, including parasite mortality, parasite-associated host 
mortality, and acquired immunity (Duerr et a!., 2003). With this 
specific host-parasite system, we have no information on the life 
span of N. surmenicola plerocercoids, and no reason to assume 
parasite-host associated mortality, or that acquired immunity 
takes place. In contrast, it is possible, that when these larger fish 
were younger, they either did not feed on euphausiids, E. pacifica 
was not as abundant, or N. surmenicola was not as prevalent, as 
our data have shown. However, this observed decrease in intensity 
with age also may have been an artifact of the smaller sample size 
of older hosts (Duerr et a!., 2003). 
Other studies that describe temporal changes in parasite 
prevalence in marine fish have suggested environmental changes 
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as a causal factor (MacKenzie, 1987; Olson et a!., 2004; Khan, 
2007, 2008). Temperature, for example, can affect the dynamics 
of host-parasite relationships in marine systems by acting 
directly on the hatching rate of parasites and changing the 
spatial distribution of intermediate and definitive hosts (Marco-
gliese, 2001). Khan (2007, 2008) attributed declines in metazoan 
parasites of Atlantic cod (Gadus morhua) off coastal Labrador, 
Canada, to the affects of oceanic temperatures in the northwest-
ern Atlantic Ocean on changes in the food web (specifically a loss 
of capelin [Mallotus villosus]). Large-scale climate changes such 
as the Pacific Decadal Oscillation and the EI Nino Southern 
Oscillation have been shown to influence the distribution of a 
wide variety of organisms, including euphausiids (Mantua and 
Hare, 2002; Brinton and Townsend, 2003), and it is possible that 
these changes have affected N. surmenicola prevalence in Pacific 
hake. 
An increase in N. surmenicola prevalence with latitude, 
especially the difference between Pacific hake caught south of 
Point Conception, California and those caught further north, 
suggests that there is an environmental or host species distribution 
factor influencing N. surmenicola transmission. Blaylock et a!. 
(2003) also saw an increase in N. surmenicola prevalence in Pacific 
halibut with latitude from northern California to Alaska and 
defined it as a central and northern parasite species as he recorded 
prevalence at, or greater than, 50% at, and above, the Northern 
Haida Gwaii of Canada. Interestingly, the highest prevalence that 
Blaylock et a!. (2003) recorded in Pacific halibut (65.4% off 
Kodiak Island, Alaska) was still less than what we recorded in 
2008 and 2009 from Pacific hake in the CCE. The prevalence they 
recorded off Oregon and Washington was 17.4% and 14.3%, 
respectively. 
Larvae of N. surmenicola have been reported from many fish 
species that serve as second intermediate hosts, but little has 
been documented regarding the other hosts required to complete 
the life cycle. Shimazu (1975, 1999) described krill (Euphausia 
pacifica) as a first intermediate host, fish as the paratenic host, 
and salmon shark (Lamna ditropis) as the definitive host. 
Euphausiids, including, E. pacifica, are a major dietary compo-
nent of Pacific hake (Livingston and Bailey, 1985; Brodeur et a!., 
1987; Buckley and Livingston, 1997). Euphausia pacifica is an 
abundant species in the CCE and ranges south to latitudes of 
25°N (Brinton, 1976). Euphausia pacifica abundance can vary 
annually with water temperature (Brinton, 1981) and Brodeur 
et a!. (1987) also described yearly variations in the percentage of 
E. pacifica found in Pacific hake diet. It is possible that between 
1999 and 2008, E. pacifica occurrence in Pacific hake diet 
increased, contributing to the increase in N. surmenicola in Pacific 
hake. Another possibility is that there has been an increase in the 
prevalence of N. surmenicola in E. pacifica. 
Shimazu (1975) described salmon sharks as the definitive hosts 
for N. surmenicola. Although Palm and Caira (2008) list 74 species 
of hosts for larval N. surmenicola, we found only the I reference 
for the definitive host. Unfortunately, little is known about 
salmon shark ecology or their diet. Salmon sharks are thought to 
be concentrated between 50 and 600 N (Goldman and Musick, 
2008), yet a tracking study indicates that they migrate along 
the entire U.S. west coast to southern California (Weng et a!., 
2005). Weng et a!. (2008) identified the CCE as the second 
most important ecoregion, outside of Alaska, for salmon shark 
foraging; tagged salmon sharks were found to spend an average of 
107 days, primarily in the winter and spring, in the CCE. 
Although we could not find any literature on the occurrence of 
Pacific hake in their diet, these species ranges overlap, and salmon 
sharks are known to consume other gadids (Goldman and 
Musick, 2008). A recent necropsy of an adult salmon shark 
caught in the Pacific hake fishery off the central Oregon coast 
revealed Pacific hake in the shark's stomach (B. Hanshumaker, 
pers. comm.). Pacific hake consume E. pacifica throughout their 
range, but more likely consume E. pacifica infected with N. 
surmenicola in regions where they have high spatial and temporal 
overlap with salmon sharks. 
The relationship between salmon sharks, Pacific hake, E. 
pacifica, and N. surmenicola may be explained in terms oflatitude, 
but the recent expansion of N. surmenicola in Pacific hake is more 
difficult to interpret. Despite their pervasiveness in northeastern 
Pacific marine fish species, 88% prevalence with a mean intensity 
of 20.2 per Pacific hake is noteworthy. This population growth 
of N. surmenicola in Pacific hake is remarkable and a possible 
signal of a larger environmental change. There have been recent 
environmental changes in the CCE (Chan et a!., 2008) and Phillips 
et a!. (2007) described a recent northward expansion of Pacific 
hake spawning grounds that occurred in 2006. Perhaps the 
underlying environmental effects that have caused this expansion 
have also positively affected N. surmenicola population biology. 
In addition, salmon shark populations appear to be rebuilding 
following the closing of open ocean gillnet fisheries in the eastern 
and west-central Pacific Ocean and are now among the few shark 
species listed with a Least Concern status by the IUCN Red List 
of Threatened Species (Goldman et a!., 2008). The importance of 
the CCE as a foraging ecoregion for salmon sharks and the 
abundance of larval N. surmenicola in Pacific hake caught in the 
CCE suggest Pacific hake as an important prey item for salmon 
sharks that has not been previously recognized. 
In summary, our data suggest that N. surmenicola has expanded 
within the CCE coastal stock of Pacific hake. Latitude appears 
to influence prevalence and intensity as fish collected at higher 
latitudes have greater prevalence and intensity of N. surmenicola. 
Larger fish also have greater prevalence and an elevated mean 
intensity of N. surmenicola. The cause of this increase of N. 
surmenicola is unknown, but is likely an expansion of overlap 
between different host species and may serve as an indicator of 
environmental and ecological change within the CCE. Future 
evaluations of Pacific hake ecology in the CCE should include 
monitoring of plerocercoids of N. surmenicola to help determine 
stability of recently identified high abundances. 
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PRESENCE OF PLASMODIUM AND HAEMOPROTEUS IN BREEDING PROTHONOTARY 
WARBLERS (PROTONOTARIA CITREA: PARULlDAE): TEMPORAL AND SPATIAL TRENDS 
IN INFECTION PREVALENCE 
Elena L. Grillo, Robert C. Fithian, Heather Cross, Catherine Wallace, Catherine Viverette*, Robert Reilly*t, and D. C. 
Ghislaine Mayert 
Department of Biology, Virginia Commonwealth University, 1000 W. Cary Street, Richmond, Virginia 23284-2012. e-mail: gmayer@vcu.edu 
ABSTRACT: Prothonotary warbler (Protonotaria citrea) has shown a long-term decline in abundance in the United States. As a long-
range migrant, these warblers are exposed to parasites in both tropical and temperate regions. The focus of this study was to use 
molecular techniques to examine the temporal prevalence patterns of heamosopridian parasites Plasmodium and Haemoproteus in 
breeding prothonotary warblers. The prevalence (presence or absence) of Plasmodium and Haemoproteus species was assayed using 
primer sets for the cytochrome b gene of the mitochondrial DNA. Blood samples were obtained from 187 adult prothonotary warblers 
collected at 3 central Virginia, U.S.A., breeding sites. The relationship between haemosporidian parasite infections and reproductive 
success also was examined. We found that 71% of captured prothonotary warblers were infected with haemosporidian parasites, 
specifically, with 36% prevalence for Haemoproteus spp. and 44% prevalence for Plasmodium spp., during the 2008 breeding season; for 
both parasites, prevalence increased throughout the season. We found significant variation in haemosporidian parasite prevalence 
across the breeding season that was strongly site specific. Conversely, we found no significant effects of haemosporidian parasite 
infections on the reproductive success of prothonotary warblers. This is in sharp contrast to recent reports suggesting considerable 
effects of these parasites on the reproductive success of wild birds. 
Protozoans responsible for malaria are a common group of 
infectious agents affecting avian hosts (Garvin et aI., 2006). 
Specifically, species of Haemoproteus and Plasmodium are 
commonly found in passerine species (Valkiunas, 1987; Hellgren 
et aI., 2004; Svensson-Coelho and Ricklefs, 2011). As of 2005, 206 
species of haemosporidian parasites were documented to infect 
avian hosts, and of all orders of birds that have been examined, 
the Passeriformes are hosts to the largest number of haemospo-
ridian species (86, of which 63 are Haemoproteus spp.; Valkiunas, 
2005). It is rare that protozoan parasites cause direct mortality in 
wild bird populations (Forrester and Spalding, 2003). However, 
the presence of these parasites at certain times, due to relapse of a 
chronic infection (Merino et aI., 2000) or to a newly introduced 
infection, has been shown to negatively affect the avian host 
(Garvin et aI., 2006; Valkiunas et aI., 2006). Studies of the 
occurrence of haemosporidians have been conducted since the 
1970s. A review of published studies by Greiner et aI. (1975) 
indicated that haematozoan parasites had been found in 388 avian 
species in North America. Of these species, the mean Haemopro-
teus spp. prevalence was approximately 20% and mean Plasmo-
dium spp. prevalence was approximately 4%. For the Parulidae 
(wood warblers), the prevalence levels were 9.5 and 1.7%, 
respectively. More recently, much higher levels of prevalence for 
these parasite genera have been detected in avian hosts, i.e., 20-
80%, respectively (Deviche et aI., 2001 b; Garvin et aI., 2003; 
Schrader et aI., 2003; Hasselquist et aI., 2007; Cosgrove et aI., 
2008). 
The prothonotary warbler (Protonotaria citrea) winters along 
the eastern Central American and northern South American 
coasts as well as in the West Indies. In the spring, it travels across 
the Gulf of Mexico to breed in the southeastern and midwestern 
United States. The nest box study described here was initiated in 
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1987 and has expanded in the last 23 yr to include >500 boxes 
distributed among 4 sites along the lower James River, east of 
Richmond, Virginia, U.S.A. The species has shown a range-wide 
decline in recent years due to habitat destruction and degradation 
as lowland, hardwood forests are logged and converted to 
agricultural use (Blem and Blem, 1991; Podlesak and Blem, 2001). 
The relationship between individual age and infection status is 
not clear. Deviche et aI. (2001b) found that parasite prevalence in 
older, male dark-eyed juncos (Junco hyemalis) was significantly 
higher than in younger birds; however, Hasselquist et aI. (2007) 
found the opposite trend in infection intensity within great reed 
warblers (Acrocephalus arundinaceus). Garvin et aI. (2003) did not 
find a significant difference in parasite prevalence in gray catbirds 
(Dumetella carolinensis) of different ages. It is possible that this 
discrepancy is due to differences in the age of the birds and 
because different species were compared. 
The purpose of the present study was to test for Plasmodium 
and Haemoproteus spp. infection in prothonotary warblers based 
on age, sex, time, and site during the breeding season. The 
prevalence (presence or absence) of haemosporidian parasites 
(Plasmodium and Haemoproteus) in older (after second year) and 
younger (second year) birds was determined, as well as differences 
in prevalence between males and females. A comparison of 
infection between the first and second clutches, by breeding site, 
was used to determine any temporal or spatial variation in 
parasite prevalence that may occur throughout the breeding 
season. In addition, we also examined the effect of infections on 
the reproductive success of prothonotary warblers. 
MATERIALS AND METHODS 
Study sites and capture methods 
The focal population of prothonotary warblers in this study breeds in 
artificial nest boxes at 3 sites along the James River, southeast of 
Richmond. The nest boxes are attached to metal poles placed 
approximately 2-3 m from the edge of the river bank and approximately 
0.5-2 m above the high-tide mark. The box (28 cm X ') em X 6 cm) had a 
single entrance hole (3.2-3.8 cm in diameter). Fieldwork took place during 
high tide (from 3 hr before to 3 hr after the high-tide mark) but was 
avoided during rain, thunderstorms, and severe winds, and on colder days. 
The 3 sites sampled in this study were the Dutch Gap Conservation Area 
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FIGURE 1. Nest box locations at the 3 study sites along the James River where prothonotary warblers were sampled during the 2008 breeding season. 
(DG), located adjacent to Henricus Historical Park in Chester, Virginia; 
Deep Bottom State Park (DB), located in Henrico County, Virginia; and 
Presquile National Wildlife Refuge (PNWR), located in Chesterfield 
County, Virginia. DB is approximately 8 km downstream from DG, and 
PNWR is approximately 9.5 km downstream from DB. The nest boxes are 
distributed throughout a heterogeneous habitat mattix that is composed 
of riverine shoreline, herbaceous marshes, and creeks surrounded by 
bottomland, deciduous forest stands. The approximate area of each of the 
3 sites is 4-5.5 km2, with DG having the largest area, followed by PNWR 
and then DB (Fig. 1). 
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Female prothonotary warblers were caught while incubating eggs within 
the nest boxes by approaching the box from behind via canoes and placing 
a small hand-held net over the entrance hole. Males were caught in mist-
nets (DB and PNWR) by using a decoy and a recorded prothonotary 
warbler song or while they came to feed nestlings at the nest box (at DG 
by using a radiocontrolled trapdoor that can be installed on the boxes). 
Depending on the activity of the targeted individual, field technicians 
would wait between 10 and 45 min for the male bird to be caught in the 
mist-net or trapped at the box. Once trapped, blood samples were 
collected from all birds, and the sex, age, morphological data, and 
reproductive data were recorded. 
First and second clutch sampling periods 
A subset of the local prothonotary warbler population (n = 187 
individuals among all 3 sites) was sampled during the breeding season; it 
was divided into 2 time periods: (I) birds that arrived in mid-April (males) 
and after initiation of the first clutch in early May (females) (n = 134) and 
(2) birds that arrived during initiation of the second clutch in mid-June for 
both sexes (n = 53). Because of the difficulty in recapturing individual 
birds multiple times, inferences regarding change in parasite prevalence 
over time were based on analysis of infection status in distinct groups in 
the 2 time periods. Even so, 16 individuals were captured in both the first 
and second periods, and so these individuals were tracked over time, 
although the recapture data were excluded from the main analysis. 
Sampling began on 13 April 2008, as the first male birds began to arrive 
at their breeding grounds. Males were more extensively sampled early in 
the season as they established and protected nesting territories. Sampling 
took place 5 to 7 days/wk from 13 April 2008 to 9 July 2008, with a 2-wk 
interlude between 27 May 2008 and 8 June 2008. The first sampling period 
took place between 13 April and 27 May. The second sampling period 
began on 8 June and extended through 9 July. 
Data collection 
Captured birds were banded using U.S. Fish and Wildlife bands 
(permits 22751 and 23486). Males also were banded with 3 color bands, 
creating a unique color combination for each bird. In addition to banding 
the birds, age, sex, wing chord, tail length, and body mass were recorded. 
Age was determined by comparing the coloring of the primary and 
secondary coverts as described in Pyle (1997). If the base color of both sets 
of coverts was identical, then the bird was known to be at least 2 yr old 
(after second year; ASY), and if the colors were different in hue, then the 
bird was categorized as an individual that hatched during the previous 
breeding season (second year; SY). If the data collector was unsure about 
the age, then the bird was considered simply an adult bird (after hatch 
year; AHY). Ages were confirmed, and more exact ages were identified for 
the majority of the birds by reviewing banding records for individuals that 
had been captured in previous breeding seasons. Nestlings were weighed at 
the time of banding by using a scale (accuracy, 0.1 g; Ohaus, Parsipanny, 
New Jersey). 
Blood collection and DNA extraction 
Blood samples were collected from the.brachial vein by using a 27-gauge 
needle (IACUC permit AM10230). The blood was first collected in a 
heparinized capillary tube. Two spots of blood also were collected on FT A 
filter cards (Whatman, Florham Park, New Jersey). In the laboratory, 
1.2-mm discs (between 5 and 7) were punched from I of the blood spots on 
each individual FT A card, depending on the density of the blood spot. 
DNA was extracted according to manufacturer's protocol (GE Health-
care, Piscataway, New Jersey). 
Polymerase chain reaction (peR) amplification of 
haemosporidian DNA 
Prevalence (presence or absence) of haemosporidian parasites was 
assayed by nested PCR by using primer sets for the cytochrome b gene of 
the mitochondrial DNA of the protozoans, which have highly conserved 
regions among apicomplexan lineages. Illustra PuReTaq Ready-to-Go 
PCR beads (GE Healthcare) were used for the PCR analyses. The primers 
and PCR conditions used in this study are described in Waldenstrom et al. 
(2004). The primers sequences were as follows: Haem F (5'-ATG GTG 
CTT TCG ATA TAT GCA TG-3') and Haem R2 (5'-GCA TTA TCT 
GGA TGT GAT AAT GGT-3'). Samples that tested positive were then 
tested for the presence of Plasmodium spp. by using primers for the 
Plasmodium spp. cytochrome b gene, FP3 (5'-TAT ATA ACT TTT TTG 
ATA TG-3'}andRP3 (5'-GTT ATIGCA TTA TCTGGA TGTGA-3'), 
and for Haemoproteus spp. by using primers for the cytochrome b gene 
FH3 (5'-GATTRAACT CAT TIT TTG TTTTIA CT-3') and RH3 (5'-
ACA ATI GCA TTA TCA GGA TGA GC-3'). The following PCR 
protocol was used for the Plasmodium sp. primers: initial 94 C for I min 
followed by 40 cycles of 94 C for 20 sec, 53 C for 20 sec, and 72 C for 
30 sec, followed by an extension at 72 C for 10 min and a 4 C hold 
(Waldenstrom et aI., 2004). For the detection of Haemoproteus spp., the 
PCR conditions were as follows: 94 C for I min followed by 40 cycles of 
94 C for 20 sec, 52 C for 20 sec, and 72 C for 30 sec, followed by a final 
extension at 72 C for 10 min and a 4 C hold. The specificity of the 
Plasmodium spp. and Haemoproteus spp. primers was verified by 
sequencing a small subset of the samples (3 each). The positive controls 
were blood samples from birds previously shown to be infected with 
Plasmodium spp. and Haemoproteus spp., respectively (S. Knowles, pers. 
comm.). Water was used as a negative control. 
Sequencing analysis 
PCR samples were purified using exonuclease I-shrimp alkaline 
phosphatase (ExoSAP) to remove excess primers and nucleotides. The 
ExoSAP was mixed at a ratio of 1 U of exonuclease I to 2 U of shrimp 
alkaline phosphatase, and 3 111 of ExoSAP was added to 10 III of each PCR 
product. All products were then vortexed and placed in a thermocycler for 
15 min at 37 C and 15 min at 80 C, followed by a 4 C hold. All purified 
products were stored at - 20 C. The reactions were then used to further 
amplify the PCR product by using fluorescent nucleotides (dideoxynu-
cleotide triphosphates). Reactions for the forward and reverse primers 
(FP3, RP3, FH3, and RH3, respectively) were completed separately to 
amplify each DNA strand. Each reaction was performed using the 
DYEnamic ET terminator cycle sequencing kit (GE Healthcare) by using 
a MegaBace sequencer (GE Healthcare). The sequences were analyzed 
using MegaBace sequence analyzer (GE Healthcare) and visually edited 
before putting them into the Basic Local Alignment Search Tool (National 
Center for Biotechnology Information; Bethesda, Maryland). 
Statistical analyses 
Blood samples for 187 individuals were classified as belonging to 1 of 5 
mutually exclusive categories: (1) no haemosporidian parasite infection 
present, (2) positive for haemosporidian parasite but negative for 
Plasmodium and Haemoproteus infection, (3) positive for Plasmodium 
but negative for Haemoproteus infection, (4) positive for Haemoproteus 
but negative for Plasmodium infection, and (5) positive for both 
Plasmodium and Haemoproteus infection. The 187 samples used in the 
analysis represented 187 different adult birds. Of those 187 birds, 14 birds 
were sampled 2 times and 1 bird was sampled 3 times. For those 15 birds, 
only the first sample was used in the analysis. Analyses of total prevalence 
and of joint Haemoproteus and Plasmodium infections were conducted 
using logistic regression within the general linear models routine of the 
open source mathematical and statistical programming language R (R 
Development Core Team 2011; http://www.R-project.org/). Explanatory 
variables considered in the analyses were sex, age, sample period, site, and 
mass. 
Clutch size, number of unhatched eggs, proportion of nestlings, and 
number of infertile eggs were compared for infected and uninfected 
females during each clutch by using Levene's test, Mann-Whitney U-test, 
as well as an analysis of covariance (ANCOVA) that corrected for age 
difference. Age had to be accounted for while analyzing reproductive 
parameters for each clutch because SY females tend to have smaller clutch 
size than ASY females (Blem et aI., 1999). 
RESULTS 
Mass as a potential explanatory variable 
Of the 187 birds in our sample, mass was not recorded on 29 
birds. Eliminating these birds from the analysis to incorporate 
mass would reduce the power of our results. Thus, we first 
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explored whether mass needed to be retained. Anticipating that 
mass would be strongly associated with sex, we compared 4 
logistic regressions models of total prevalence, by using the 158 
samples for which mass data were available. Those models were as 
follows: 
1.10gC~p)=~o(NULLmOdel) 3.l0gC~p)=~o+~lmass 
2. 10g(I~P) =~O+~lsex 4.l0gC~p) =~O+~lsex+~2mass 
where p is the probability of having at least 1 type of 
haemosporidian parasite infection. 
The corrected Akaike information criterion (AIC) values for 
those models were as follows: 
Model AIC_c MIC_c 
1 NULL 187.63 0 
2 Sex 189.41 1.78 
3 Mass 189.58 1.95 
4 Sex + mass 191.49 3.86 
Review of those scores suggests that neither sex, mass, nor sex + 
mass improves the model fit beyond what the NULL model 
provides. Thus, mass provides no improvement over sex, and the 
incorporation of both is worse. Given those findings, we dropped 
mass from our subsequent regression analyses, allowing us to 
retain the full 187 samples for our analyses. 
Analysis of total prevalence 
A breakdown of the 187 birds by infection type, sample period, 
and site is provided in Table I. The sample included 109 females 
and 78 males. The distribution of adult ages in the sample was 125 
ASY, 47 SY, and 15 AHY. The sequence obtained using the 
Plasmodium spp. primers was closely related to Plasmodium 
cathemerium, whereas the sequence obtained with the Haemopro-
teus spp. primers were related to Haemoproteus velans (data not 
shown). 
Of the 187 samples, 132 (70.6%) were positive for at least 1 
genus of haemosporidian parasite (total prevalence), 67 were 
positive for Haemoproteus spp. (36%), 82 were positive for 
Plasmodium spp. (44%), and 63 were positive for both parasites 
(34%). Thus, only 4 of the 67 positive Haemoproteus spp. samples 
and 19 of the positive Plasmodium spp. samples are available for 
separate analyses. We considered these sample sizes too small for 
meaningful discrimination among potential factors. Only 4 of the 
67 samples (6.0%) that were positive for Haemoproteus spp. were 
negative for Plasmodium spp. Of the 82 samples that were positive 
for Plasmodium infections, only 19 (23.2%) were negative for 
Haemoproteus infections. Focusing only on Haemoproteus and 
Plasmodium infections, the tendency within our sample for 
Haemoproteus spp. and Plasmodium spp. to occur together or 
be absent together is strikingly high, with a correlation coefficient 
of 0.998. This high level of joint occurrence precluded separate 
analysis of Haemoproteus and Plasmodium infections. Upon 
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comparing haemosporidian spp. infection between periods, 
temporal and spatial variations in prevalence are apparent. 
Between April and May (first period), overall prevalence at DG 
was lower than at either of the other 2 sites. This trend reversed in 
June and July (second period), with the infection rate at DG rising 
and exceeding the rates at the other sites (Table I). 
Using the general linear models and step routines with R, we 
conducted a stepwise logistic regression to identify which factors 
in our data set, if any, may be associated with an increased 
probability of haemosporidian parasite infection. The stepwise 
regression began with the following full model and then 
successively eliminated factors and interactions based on im-
provements in AIC scores. The full model is given by 
10gC~p) =~0+~lDG+~2PNWR+~3male+~4AHY +~5SY 
+ ~6period2+ ~7(DG x male) + ~7(PNWR x male) 
+ ~8(DG x AHY) + ~9(PNWR x AHY) 
+ ~lO(DG x SY) + ~ll (PNWR x SY) 
+ ~dDG xperiod2) + ~13(PNWR xperiod2) 
where p is the probability of having at least one type of 
haemosporidian parasite infection. Factor coding is as follows: 
sex=M or F 
SY second year (second calendar year of life) 
ASY after second year 
age = (after second calendar year of life) 
period = 
AHY after hatch year (SY or ASY, default coding 
on 15 of 187 adults) ! early 13 April to 27 May, an interval typically associated with first clutches 
late 8 June to 9 July, an interval typically 
associated with second clutches 
{ 
DG (Dutch Gap Conservation Area) 
site= DB (Deep Bottom Park) 
PNWR (Presquile Na.tional Wildlife Refuge) 
The Ale for the full model is 227.36. The stepwise 
procedure took this result as its starting point. The 
outcome of the procedure is the more parsimonious model 
in which age is eliminated as a factor: 
IOgC~p) =~o+~lDG+~2PNWR 
+ ~3male+ ~4period2+ ~5(DG * male) 
+ ~6(PNWR * male) + ~7(DG * period2) 
+ ~8(PNWR * period2) 
with AIC_c = 218.72. Removing the site X sex interactions would 
have raised the AIC_c to 225.42, and removing the site X period 
interactions would have raised the AIC3 to 226.30. 
Estimation results for the selected model are presented in Table II. 
P values in all tables are adjusted for multiple comparisons by using 
the false discovery rate method (Benjamini and Hochberg [BI!], 
1995). Working with the significant intercept estimate, we have e~o 
= el.446 = 4.246 as our estimate for the odds (p/1 - p) of a period 1 
adult female at DB having a haemosporidian infection. Equivalently, 
the probability of that infection is estimated as 0.809. Examining the 
rest of Table II, the only highlighted significant effects on the 
likelihood of infection are for DG-DB comparisons, where DB is 
the site reference level in the regression. We use contrasts to examine 
within and between site comparisons. Those results, along with the 
rest of the significant results from Table II, are recast as odds ratios 
and presented in Table III. 
Using the significant ~l estimate in Table III, the ratio of the 
odds of a period 1 DG female having an infection to the odds of a 
period 1 DB female having an infection is found as JI = 0.101. 
Thus, the odds of a period 1 DG female having the infection are 
estimated as 1110 the odds of the period 1 DB female having the 
infection. The 95% confidence interval (CI) for this odds ratio is 
(0.025, 0.406). The significant ~l - ~2 estimate implies that the 
period 1 DG to PNWR odds ratio estimate is similarly close to 11 
10. By contrast, the remaining two significant estimates in Table III 
suggest a shift in the odds ratios in period 2. In particular, the odds 
of an infection in a period 2 DG male are much higher than those 
for a period 2 PNWR male, with the lower bound of the CI at 
3.786. Similarly, the odds of an infection in a period 2 DG bird are 
at least 1.847 times the odds for a period 1 DG bird. 
Analysis of Plasmodium and Haemoproteus infections 
Investigation of the factors influencing the likelihood that a bird 
would have species of both Plasmodium and Haemoproteus was 
carried out with 63 birds that met that condition. Those 63 positive 
individuals constitute just under half of the 132 positive birds 
examined in the total prevalence analysis, and this separate 
investigation should reveal whether the salient factors identified 
are similarly influential in this highly infected subsample. Once 
again, a stepwise logistic regression using improvements in AIC 
scores results in the same model being selected, where p is the 
probability of having both types of infections: 
10g(1 ~p) = ~o + ~lDG+ ~2PNWR+ ~3male+ ~4period2 
+ ~5(DG x male) + ~6(PNWR x male) 
+ ~7(DG xperiod2) + ~8(PNWR xperiod2) 
Estimation results are presented in Table IV. From the intercept 
estimate we obtained e~o = e -0.22 = 0.978 as our nonsignificant 
estimate for the odds of a period 1 adult female at DB having both 
Haemoproteus and Plasmodium infections. Note that ~o = 0 (i.e., 
odds of eO = 1) would imply a probability of 0.5 for that baseline 
event. We used contrasts to examine within and between site 
comparisons. Those results, along with the rest of the significant 
results from Table IV, are recast as odds ratios and presented in 
Table V. 
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TABLE II. Estimates from the model for total prevalence. 
lOge ~p) = ~o + ~IDG+ ~2PNWR+ ~3male+ ~4period2+ ~5(DG x male) 
+ ~6(PNWR x male) + ~7(DG x period2) + ~8(PNWR x period2) 
CI 
Coefficient Estimate SE Z BH-adjusted P 2.5% 97.5% 
~o: Intercept 1.446 0.534 2.711 0.030* 0.476 2.606 
~1:DG -2.288 0.699 -3.273 0.010** -3.749 -0.982 
~2: PNWR 0.021 0.694 0.031 0.976 -1.388 1.376 
~3: Male 0.465 0.761 0.612 0.695 -0.967 2.108 
~4: Period 2 -0.543 0.680 -0.798 0.637 -1.900 0.808 
~5: DG and male 1.494 1.020 1.465 0.302 -0.563 3.498 
~6: PNWR and male -1.297 0.939 -1.380 0.302 -3.246 0.494 
~7: DG and period 2 3.416 1.326 2.575 0.030* 1.066 6.637 
~8: PNWR and period 2 -0.253 0.960 -0.264 0.891 -2.145 1.653 
For significance values, ***0.001, *·0.01, *0.05 . 0.1; null deviance, 226.57 on 186 df; residual deviance, 199.71 on 178 df; AIC, 217.71; and AIC_c, 218.72. 
The significant results in Table V may be considered in relation to 
the corresponding results in Table III. The Table V odds ratios for 
DG femalelDB female, DG femaleIPNWR female, and DG per 2/ 
DG per 1 closely mirror the corresponding total prevalence results in 
Table III. The Table V high odds ratio for a per 2 DG male/per 2 
DB male strengthens the corresponding high but nonsignificant 
fmding in Table III. Simultaneously, the significant high odds ratio 
for a per 2 DG male/per 2 PNWR male in Table III is presented in 
Table V. Taken together, these fmdings suggest that either some 
factor is present at DG in the second half of the breeding season that 
raises the vulnerability of adult males to infection, or infected males 
are more likely to breed at DG during the second half of the breeding 
season compared with infected males at the other 2 sites. 
Prevalence in recaptured individuals 
Fifteen of the individuals were sampled more than once 
throughout the breeding season. Twelve of the recaptured 
individuals were females and 3 were males. The infection status 
TABLE III. Contrast estimates from the model for total prevalence. 
Log of the 
odds ratio 
Comparative odds of infection Ln( odds ratio) estimate 
Period 1 estimates 
DG femalelDB female ~l -2.288 
DG femalelPNWR female ~l - ~2 -2.309 
DG male/DB male ~l + ~5 -0.794 
DG male/PNWR male ~l + ~5 - ~2 - ~6 0.482 
Period 2 estimates 
DG femalelDB female ~l + ~7 1.128 
DG femalelPNWR female ~l + ~7 - ~2 - ~8 1.360 
DG malelDB male ~l + ~5 + ~7 2.622 
DG malelPNWR male ~l + ~5 + ~7 - ~2 - ~6 - ~8 4.150 
Across-period estimates 
DB per 2 /DB per 1 ~4 -0.543 
DG per 2/DG per 1 ~4 + ~7 2.873 
PNWR per 2IPNWR per 1 ~4 + ~8 -0.796 
For significance values, ·*·0.001, ·*0.01, *0.05 . 0.1. 
of 4 of the individuals did not change between capture dates. Two 
of the birds cleared a Plasmodium spp. infection during the 
breeding season, and 3 birds cleared an unspecified haemospo-
ridian infection, probably Leucocytozoon spp. The remaining 6 
individuals acquired new infections over the season. Of these 
birds, 2 acquired unspecified haemosporidian infections, 1 
acquired a Haemoproteus spp. infections, 2 acquired Plasmodium 
spp. infections, and I acquired both Haemoproteus and Plasmo-
dium spp. infections. Although the sample size of recaptured birds 
is too small for a formal analysis, it does establish the 
transmission of Plasmodium and Haemoprotoeus spp. on the 
breeding grounds of prothonotary warblers. In addition, these 
data demonstrate the ability of some individuals to clear such 
infections during the breeding season. 
Analysis of reproductive fitness of prothonotary warblers 
The reproductive fitness of older and younger prothonotary 
warblers was analyzed using Levene's test. Levene's test was 
Odds ratio 95% CI 
Odds ratio 
SE X2 BH-adjusted P estimate 2.5% 97.5% 
0.699 10.715 0.006** 0.101 0.025 0.406 
0.633 13.312 0.003** 0.099 0.028 0.349 
0.828 0.919 0.465 0.452 0.087 2.338 
0.634 0.577 0.492 1.619 0.460 5.693 
1.170 0.930 0.464 3.089 0.303 31.455 
1.216 1.250 0.464 3.895 0.349 43.498 
1.470 3.180 0.164 13.763 0.744 254.490 
1.421 8.532 0.013* 63.463 3.786 1,063.749 
0.680 0.637 0.492 0.581 0.151 2.239 
1.139 6.365 0.032 17.693 1.847 169.449 
0.678 1.376 0.737 0.451 0.117 1.733 
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TABLE IV. Estimates for the model of joint Haemoproteus and Plasmodium infection. 
lOge ~p) = 1:10+ I:IIDG+ 1:12 PNWR + 1:13male + 1:14period2+ I:Is(DG x male) 
+ 1:16 (PNWR x male) + 1:17(DG xperiod2) + I:Is(PNWR xperiod2) 
CI 
Coefficient Estimate SE Z BH-adjusted P 2.5% 97.5% Odds ratio estimate 
1:10: Intercept -0.022 0.426 -0.051 0.959 -0.866 0.827 0.978 
I:II:DG -1.611 0.694 -2.322 0.061 -3.079 -0.312 0.200 
1:12: PNWR 0.597 0.562 1.061 0.519 -0.504 1.714 1.816 
1:13: Male -0.823 0.611 -1.347 0.400 -2.081 0.340 0.439 
1:14: period 2 -0.405 0.588 -0.688 0.737 -1.595 0.730 0.667 
I:Is: DG and male 2.304 0.919 2.507 0.055 0.557 4.188 10.012 
1:16: PNWR and male 0.088 0.784 0.113 0.959 -1.434 1.657 1.092 
1:17: DG and period 2 3.304 1.095 3.017 0.023* 1.294 5.678 27.223 
I:Is: PNWR and period 2 0.154 0.868 0.178 0.959 -1.544 1.880 1.167 
For significance values, **'0.001, *'0.01, '0.05 . 0.1; null deviance, 258.03 on 186 df; residual deviance, 233.49 on 178 df; AIC, 251.49; and AIC_c, 252.51. 
satisfied for the total clutch size, the total number of nestlings, 
and the overall proportion of hatched eggs for both ASY and SY 
individuals (P > 0.050). However, we found that the number of 
unhatched eggs did not have equal variance for ASY birds (P < 
0.050), but it did have equal variance for SY birds (P > 0.050) 
(Table VI). The test for normality failed for all reproductive 
parameters that were analyzed for both age groups (P < 0.050). 
Because the data for the 4 reproductive parameters (total clutch 
size, overall number of nestlings, overall proportion of eggs that 
hatched, and the total number of unhatched eggs) did not fit the 
assumptions that are required by parametric analyses, nonpara-
metric tests were performed. According to the Mann-Whitney U-
test, there were no significant differences between any of the 
reproductive parameters upon comparing infected and uninfected 
ASY females (P > 0.050). There were differences between 2 of 
these reproductive parameters, but they were not significant at the 
0.050 level. These parameters included the difference between the 
total number of eggs laid by infected and uninfected ASY females 
(n = 64, Z = -1.832, P = 0.067) and the difference between the 
total number of successful nestlings (n = 64, Z = -1.842, P = 
0.066) (Table VI). Upon conducting Mann-Whitney U-test 
analyses on the same parameters for SY females, no significant 
(or marginally significant) differences were found in the repro-
ductive fitness of uninfected and infected older and younger 
females (P > 0.050) (Table VI). 
The last reproductive parameter that was monitored for the 
sampled females was nestling mass and growth rate. Mean mass 
was calculated for each clutch and these were regressed against 
their age for both infected and uninfected females. For uninfected 
females, the mean nestling mass was equal to 1.28 times the age of 
the nestlings, with an intercept of 1.82. The slope of 1.27 was 
bounded by a CI between 0.92 and 1.63 (Fig. 2A). For infected 
females, the mean nestling mass was equal to 1.60 times the age of 
the nestlings, with an intercept of 0.33 (Fig. 2B). The ,2 values for 
both sets of data were very high (0.95 and 0.87 for uninfected 
females and infected females, respectively), and both sets of 
TABLE V. Contrast estimates for the model of joint Haemoproteus and Plasmodium infection. 
Log of the Odds ratio 95% CI 
odds ratio BH-adjusted Odds ratio 
Comparative odds of infection Ln( odds ratio) estimate SE X2 P estimate 2.5% 97.5% 
Period I estimates 
DG female/DB female 1:11 -1.611 0.694 5.389 0.045* 0.200 0.050 0.791 
DG femalelPNWR female 1:11 - 1:12 -2.208 0.659 11.212 0.005** 0.110 0.030 0.407 
DG male/DB male 1:11 + I:Is 0.693 0.661 1.097 0.464 1.999 0.538 7.426 
DG male/PNWR male 1:11 + 1:1 - 1:12 - 1:16 0.008 0.565 0.000 0.989 1.008 0.328 3.093 
Period 2 estimates 
DG femalelDB female 1:11 + 1:17 1.693 0.918 3.402 0.119 5.436 0.880 33.579 
DG female/PNWR female 1:11 + 1:17 - 1:12 - I:Is 0.942 0.982 0.920 0.464 2.565 0.366 18.004 
DG male/DB male 1:11 + I:Is + 1:17 3.997 1.204 11.017 0.005** 54.423 4.992 593.328 
DG male/PNWR male 1:11 + I:Is + 1:17 - 1:12 - 1:16 - 1:18 3.158 1.197 6.954 0.023* 23.515 2.186 252.973 
Across-period estimates 
DB per 2/DB per I 1:14 -0.405 0.588 0.474 0.600 0.667 0.208 2.142 
DG per 2IDG per 1 1:14 + 1:17 2.899 0.924 9.851 0.006** 18.161 2.906 113.513 
PNWR per 2/PNWR per I 1:14 + I:Is -0.251 0.638 0.154 0.980 0.778 0.220 2.760 
For significance values, "'0.001, *'0.01, '0.05 . 0.1. 
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TABLE VI. Differences in reproductive success between infected and uninfected females of each age class, as determined by total clutch size (total number 
of eggs laid during both clutches), total nestling success (total number of nestlings observed throughout the season), proportion of total eggs that hatch, 
and the total number of unhatched eggs during both clutches combined. Means for each parameter are presented, followed by the SD. Results of Mann-
Whitney V-tests are presented for each parameter for each age class. 
Age class (after second year) Age class (second year) 
Uninfected Mann-Whitney V-test Infected Uninfected Mann-Whitney V-test 
Reproductive parameter Infected females females Z 
Total clutch size (no.) 5.77 ± 2.11 6.65 + 2.18 -1.832 
Total nestling success (no.) 4.66 ± 1.85 5.60 + 2.26 -1.842 
Proportion of eggs hatched 0.82 ± 0.26 0.85 + 0.22 -0.321 
Total no. of unhatched eggs (no.) 0.51 ± 0.89 0.19 + 0.40 -1.345 
relationships were highly significant (P :5': 0.0001 for both). This 
indicates that a very strong correlation exists between nestling age 
and mean nestling mass, regardless of infection status of the 
female. Comparatively, the slope of 1.60 that was obtained for 
nestlings of infected females was bounded by the CI (1.23, 1.96). 
This overlap indicated that nestling growth rates between infected 
and uninfected females were not significant (Fig. 2). To confirm 
this, the mean weight of each clutch for each adult female was 
divided by the age on the day where weighing took place. This 
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FIGURE 2. Regression of mean nestling mass by nestling age at the time 
of weighing for (A) uninfected female and (B) infected female prothono-
tary warblers. The age-weight relationships for the offspring of un infected 
females (n = 7) and for infected females (n = 16) are shown. The rate of 
growth is higher in offspring of infected adults as opposed to uninfected 
adults, but this difference is not significant (P > 0.050). 
P females females Z P 
0.067 4.58 ± 1.68 5.90 + 2.38 -1.201 0.230 
0.066 3.92 ± 1.78 4.50 + 1.72 -0.556 0.578 
0.748 0.88 ± 0.31 0.81 + 0.23 -1.276 0.202 
0.179 0.33 ± 1.15 0.30 + 0.48 -1.130 0.259 
generated a mean growth rate for each clutch of nestlings. An 
ANCOV A was further used to analyze the reproductive fitness of 
infected and uninfected females. We found no significant 
difference between infected and uninfected females (P = 0.7S6) 
(Table VII). 
DISCUSSION 
The prevalence of haemosporidian parasites found in this 
population of prothonotary warblers was relatively high com-
pared with recent studies in other avian species, but it was similar 
or somewhat lower than what has been reported in other avian 
studies. Haemosporidian parasite prevalence ranging from 13 to 
41 % has been reported for populations of hooded warblers 
(Wilsonia citrina), great reed warblers, blue tits (Cyanistes 
caeruleus), and gray catbirds (Tarof et aI., 1997; Garvin et aI., 
2003; Hasselquist et aI., 2007; Cosgrove et aI., 200S). By contrast, 
Deviche et aI. (2001b) found an overall infection prevalence of 
67% (including species of Leucocytozoon, Haemoproteus, and 
Trypanosoma) in breeding dark-eyed juncos in Alaska. Another 
study reported an SO% infection prevalence of Haemoproteus 
velans in red-bellied woodpeckers (Melanerpes carolinus) in 
northern Florida (Schrader et aI., 2003). To our knowledge, the 
highest prevalence in the warbler family was reported in another 
study by Deviche et aI. (2001a), in which 9 from a sample of 10 
captured breeding Townsend's warblers (Dendroica townsendi) 
were infected with haematozoans. 
Two studies (Hasselquist et aI., 2007; Cosgrove et aI., 200S) 
found no difference in prevalence between the sexes. Others have 
reported variation in parasite prevalence between sexes and 
between age classes. Tarof et aI. (1997) found a higher prevalence 
in males compared with females, and although parasite prevalence 
has been hypothesized to be higher in males due to the indirect 
effects of testosterone on immune system maintenance (Poulin, 
1996), higher prevalence in females has been reported as well 
(McCurdy et aI., 1995). Our study suggests that parasite 
prevalence within a single species may vary between the sexes in 
a way that is both spatially and temporally dependent. Within our 
study, adult age was not found to be a significant factor in 
haemosporidian parasite prevalence. This contrasts with studies 
that have found higher haemosporidian prevalence in ASY birds 
compared with SY birds (Tarof et aI., 1997; Dcviche et aI., 2001 b; 
Garvin and Scheoech, 2006; Cosgrove et aI., 200S). 
Many of the birds caught upon arrival in mid-late April were 
positive for haemosporidian parasite spp. infections. Because this 
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TABLE VII. Reproductive fitness for infected and uninfected individuals is shown for each nesting period by using ANCOV A. 
Clutch I 
Infected Uninfected 
Reproductive parameter females females 
Laying date (Julian date) 120.48 ± 4.16 122.94 ± 4.97 
Clutch size (no.) 4.65 ± 0.49 4.79 ± 0.71 
Nestling success (no.) 3.54 ± 1.70 3.58 ± 1.22 
Proportion of eggs hatched 0.76 ± 0.35 0.77 ± 0.28 
No. of unhatched eggs (no.) 0.46 ± 0.83 0.19 ± 0.40 
precedes the seasonal increase in vector activity, it indicates that at 
least a portion of the period I infections could have been due to 
relapse of chronic infections rather than due to new, acute 
infections. Otherwise, those birds may have acquired the infection 
along their migration route or on their wintering grounds. This 
would not explain, however, the significantly lower infection rates 
at DG in period 1. It is reasonable to ask whether the lower box 
density at DG might have played a role here. Box separation at DG 
is typically 75-100 m, compared with 35-60 m at DB and PNWR, 
with DB being the most dense. This factor might delay transmission 
at DG, thus contributing to the higher prevalence in the second 
period compared with the first period. However, it does not explain 
why DG should have significantly higher prevalence than the other 
2 sites in the second period. Another possibility is that the density 
of parasite vectors at DG may be slower to develop but ultimately 
surpass that at the other 2 sites, which would be consistent with 
both the temporal and spatial variation observed. This hypothesis, 
although beyond the scope of this study, is part of a current 
investigation of vectors at those 3 sites. 
Numerous studies have examined the association between 
reproductive success and haemosporidian parasite prevalence, 
and conflicting results have been found. Most recently, a study of 
the effects of chronic malaria infection in a population of wild 
blue tits (Cyanistes caeruleus) has uncovered negative fitness 
consequences in that species. This is in sharp contrast to our 
observations in the prothonotary warblers examined in our 
studies. One possible reason for the absence of an association 
between reproductive effort and infection status might be the 
parasites' lack of virulence. It is known that haemosporidian 
infections are commonly sublethal for extended periods (Deviche 
et aI., 200Ib). Differences in fledgling success (as determined by 
survivorship of fledglings to I yr of age) between infected and 
uninfected females would add to the understanding of the effects 
of haemosporidian parasites on fecundity of P. citrea. This would 
be hard to accurately determine considering the difficulty in 
tracking fledglings once they leave the nest. 
We have found that the prothonotary warblers examined in our 
study were infected with haemosporidian species of Plasmodium 
and Haemoproteus, with Plasmodium spp. being the slightly 
dominant group. Of the 3 haemosporidian genera (Haemoproteus, 
Leucocytozoon, and Plasmodium), species of Plasmodium are the 
least common across the continental United States compared with 
the other genera; however, compared with other geographic 
regions, the southeastern United States (including Virginia) 
possesses the highest prevalence of Plasmodium spp. (Greiner 
et aI., 1975). The high prevalence of Plasmodium spp. and 
Clutch 2 
ANCOVA Infected Uninfected ANCOVA 
F df P females females F df P 
3.748 0.059 
0.671 0.417 3.85 ± 0.46 3.64 ± 0.67 0.171 0.682 
0.028 0.868 3.35 ± 1.16 3.18 ± 1.33 0.031 0.862 
0.017 0.898 0.87 ± 0.29 0.86 ± 0.31 0.050 0.824 
1.426 0.240 0.13 ± 0.34 0.00 ± 0.00 1.359 0.253 
Haemoproteus spp. infection in breeding prothonotary warblers in 
central Virginia, together with the pattern of spatial and temporal 
variation observed, indicates that this region offers favorable 
conditions for transmission of both parasites and that transmis-
sion is responsive to local factors. With respect to the birds that 
arrived with an existing infection, it is not known whether those 
infections were acquired by the birds during a previous breeding 
season as adults or juveniles, or whether they were acquired on 
the winter grounds or even in migration. It is clear, however, that 
some of the birds acquired the infections on the breeding ground 
in central Virginia. 
ACKNOWLEDGMENTS 
We thank Drs. Charles and Leann Blem for initiating the prothonotary 
warbler nesting box study, Dr. James Reilly for assistance with statistical 
analysis, and 2 anonymous reviewers for helpful suggestions on this 
manuscript. We are also grateful to Team Warbler for support in the 
fieldwork. This study was funded in part by a grant from the Virginia 
Commonwealth University Walter and Inger Rice Center, number 19. 
LITERATURE CITED 
BENJAMINI, Y., AND Y. HOCHBERG, 1995. Controlling the false discovery 
rate: A practical and powerful approach to multiple testing. Journal 
of the Royal Statistical Society B 57: 289-300. 
BLEM, C. R., AND L. B. BLEM. 1991. Nest box selection by prothonotary 
warblers. Journal of Field Ornithology 62: 299-307. 
---, ---, AND, C. I. BARRIENTOS. 1999. Relationships of clutch size 
and hatching success to age of female prothonotary warblers. The 
Wilson Bulletin 111: 577-581. 
COSGROVE, C. L., M. J. WOOD, K. P. DAY, AND P. C. SHELDON. 2008. 
Seasonal variation in Plasmodium prevalence in a population of blue· 
tits Cyanistes caeruleus. Journal of Animal Ecology 77: 540-548. 
DEVICHE, P., E. C. GREINER, AND X. MANTECA. 2001a. Interspecific 
variability of prevalence in blood parasites of adult passerine birds 
during the breeding season in Alaska. Journal of Wildlife Diseases 37: 
28-35. 
---, ---, AND ---. 2001b. Seasonal and age-related changes in 
blood parasite prevalence in dark-eyed juncos (Junco hyemalis, Aves, 
Passeriformes). Journal of Experimental Zoology 289: 456-466. 
FORRESTER, D. J., AND M. G. SPALDING. 2003. Parasites and diseases of 
wild birds in Florida. University Press of Florida, Gainesville, 
Florida, 1024 p. 
GARVIN, M. C., J. P. BALSAM, R. M. DECOR, AND K. E. BELL. 2003. 
Patterns of Haemoproteus Becker parasitism in the gray catbird 
(Donatella Carolinensis) during the breeding season. Journal of 
Wildlife Disease 39: 582-587. 
---, AND S. J. SCHOECH. 2006. Hormone levels and infection of 
Haemoproteus danilewskyi in free-ranging blue jays (Cyanocitta 
cristata). Journal of Parasitology 92: 659-662. 
---, C. C. SZELL, AND F. R. MOORE. 2006. Blood parasites of Nearctic-
Neotropical migrant passerine birds during spring trans-gulf 
migration: Impact on host body condition. Journal of Parasitology 
92: 990-996. 
102 THE JOURNAL OF PARASITOLOGY, VOL. 98, NO.1, FEBRUARY 2012 
GREINER, E. c., G. F. BENNETT, E. M. WHITE, AND R. F. COOMBS. 1975. 
Distribution of the avian Haematozoa of North America. Canadian 
Journal of Zoology 53: 1762-1787. 
HASSELQUIST, D., O. OSTMAN, J. WALDENSTROM, AND S. BENSCH. 2007. 
Temporal patterns of occurrence and transmission of the blood 
parasite Haemoproteus payevskyi in the great reed warbler (A croce-
phalus arundinaceus). Journal of Ornithology 148: 401-409. 
HELLGREN, 0., J. WALDENSTROM, AND S. BENSCH. 2004. A new PCR assay 
for simultaneous studies of Leucocytozoon, Plasmodium, and Hae-
moproteus from avian blood. Journal of Parasitology 90: 797-802. 
MCCURDY, D. G., D. SHUTLER, A. MULLIE, AND M. R. FORBES. 1998. Sex-
biased parasitism of avian hosts: Relations to blood parasite talon 
and mating system. Oakes 82: 303-312. 
MERINO, S., J. MORENO, J. J SANS, AND E. BARREIRO. 2000. Are avian 
blood parasites pathogenic in the wild? A medication experiment in 
blue tits (Paris caeruleus). Proceedings of the Royal Society Biological 
Sciences 267: 2507-2510. 
PODLESAK, D. W., AND C. R. BLEM. 2001. Factors associated with growth 
of nestling prothonotary warblers. Wilson Bulletin 113: 263-272. 
POULIN, R. 1996. Helminth growth in vertebrate hosts: Does host sex 
matter? International Journal for Parasitology 26: 1311-1315. 
PYLE, P. 1997. The identification guide to North American birds: Part I, 
1st ed. Slate Creek Press, Bolinas, California, 691 p. 
R DEVELOPMENT CoRE TEAM. 2011. R: A language and environment for stati-
stical computing. R Foundation for Statistical Computing, Vienna, Austria. 
SCHRADER, M. S., E. L. WALTERS, F. C. JAMES, AND E. C. GREINER. 2003. 
Seasonal prevalence of a haematozoan parasite of red-bellied 
woodpeckers (Melanerpes carolinus) and its association with host 
condition and overwinter survival. Auk 120: 130-137. 
SVENSSON-COELHO, M., AND R. E. RICKLEFS. 2011. Host phylogeography 
and beta diversity in avian haemosporidian (Plasmodiidae) assem-
blages of the Lesser Antilles. Journal of Animal Ecology 80: 938-946. 
TAROF, S. A., B. J. SUTCHBURY, AND G. F. BENNETT. 1997. Low infection 
prevalence of blood parasites in hooded warblers. Journal of Field 
Ornithology 68: 75-78. 
VALKIUNAS, G. 1987. Blood parasites of birds on the White Sea-Baltic 
migration route. 4. The ecological aspect. Parazitologiia 21: 537-544. 
---. 2005. Avian malaria parasites and other Haemosporidia. CRC 
Press, Boca Raton, Florida, 946 p. 
--, T. ZICKUS, A. P. SHAPOVAL, AND T. A IEzHOVA. 2006. Effect of Haem-
oproteus belopolskyi (HaenJosporidia: HaenJoproteidae) on body mass of 
tlJe blackcap Sylvia atricapilla. Journal of Parasitology 92: 1123--1125. 
WALDENSTROM, J., S. BENSCH, D. HASSELQUIST, AND O. OSTMAN. 2004. A 
new nested polymerase chain reaction method very efficient in 
detecting Plasmodium and Haemoproteus Infections from Avian 
Blood. Journal of Parasitology 90: 191-194. 
J. Parasito/.. 98(1), 2012, pp. 103-110 
© American Society of Parasitologists 2012 
GEOGRAPHIC VARIATION IN LIFE CYCLE STRATEGIES OF A PROGENETIC TREMATODE 
Kristin K. Herrmann and Robert Poulin 
Department of Zoology, University of Otago, P.O. Box 56, Dunedin, New Zealand. e-mail: kherrmann13@gmail.com 
ABSTRACf: Numerous parasite species have evolved complex life cycles with multiple, subsequent hosts. In trematodes, each 
transmission event in multi-host life cycles selects for various adaptations, one of which is facultative life cycle abbreviation. This 
typically occurs through progenesis, i.e., precocious maturity and reproduction via self-fertilization within the second intermediate 
host. Progenesis eliminates the need for the definitive host and facilitates life cycle completion. Adopting a progenetic cycle may be a 
conditional strategy in response to environmental cues related to low probability of transmission to the definitive host. Here, the effects 
of environmental factors on the reproductive strategy of the progenetic trematode Stegodexamene anguillae were investigated using 
comparisons among populations. In the 3-host life cycle, S. anguillae sexually reproduces within eel definitive hosts, whereas in the 
progenetic life cycle, S. anguillae reproduces by selfing within the metacercaria cyst in tissues of small fish intermediate hosts. 
Geographic variation was found in the frequency of progenesis, independent of eel abundance. Pro genesis was affected by abundance 
and length of the second intermediate fish host as well as encystment site within the host. The present study is the first to compare life 
cycle strategies among parasite populations, providing insight into the often unrecognized plasticity in parasite developmental 
strategies and transmission. 
Organisms commonly inhabit variable and unpredictable 
environments, in which those that have phenotypic plastic traits 
and are able to adjust their strategies in response to environmen-
tal cues should experience increased fitness (West-Eberhard, 2003; 
Schoeppner and Relyea, 2008). Like free-living organisms, 
parasites also inhabit an unpredictable world, resulting in 
differential transmission success and life cycle completion (Fenton 
and Hudson, 2002). Transmission depends on host availability, 
which is variable both spatially and temporally (Crossan et al., 
2007). Selection could favor parasites with plastic life history 
traits and abilities to perceive and respond to cues related to host 
presence and transmission probability (Poulin and Cribb, 2002). 
Even when hosts are abundant, individual hosts are discrete units 
dispersed throughout the environment, and thus the probability 
of a parasite contacting a suitable host is typically low and 
unpredictable (Fenton and Hudson, 2002; Crossan et al., 2007). 
Low, or variable, abundance of the definitive host is most likely 
the main selective force in the evolution of truncated life cycles 
(Poulin and Cribb, 2002). Many helminth parasites have dropped 
the definitive host from their life cycle, making it easier to 
complete (Poulin and Cribb, 2002; Lefebvre and Poulin, 2005a). 
For some species, the shortened life cycle has become obligatory, 
whereas in others it is a facultative strategy with both normal and 
abbreviated cycles occurring in the same population. In trema-
todes, facultative life cycle truncation typically occurs via 
progenesis, i.e., early maturation, in which eggs are produced by 
self-fertilization within the intermediate host (Poulin, 2001; Poulin 
and Cribb, 2002). When transmission rates to definitive hosts are 
low, progenesis should be favored and is viewed as a form of 
reproductive insurance, i.e., the ability to produce eggs without 
the risk of finding a mate in an eel's intestine, since eggs should 
still be released if the progenetic worm is ingested by a definitive 
host or even a non-host predator (Poulin, 2001; Wang and 
Thomas, 2002; Lefebvre and Poulin, 2005b). 
Progenesis in the trematode Stegodexamene anguillae is 
facultative, with individuals from the same population adopting 
either 1 of 2 life cycle strategies. Eggs of S. anguillae hatch in the 
aquatic environment and infect freshwater snails, Potamopyrgus 
antipodarum, as first intermediate hosts. Asexual reproduction 
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occurs within the snail host, producing numerous cercariae that 
leave the snail in search for the second intermediate host, small 
freshwater fish, mostly Gobiomorphus and Galaxias spp. (Mac-
farlane, 1951, 1952). Cercariae actively penetrate the fish and 
encyst as metacercariae within host tissues, where they await 
ingestion by a definitive host, either Anguilla dieffenbachii (New 
Zealand longfin eel) or Anguilla australis (short-finned eel). 
Alternatively, some metacercariae grow to larger sizes, mature, 
and produce eggs through self-fertilization while still within the 
second intermediate fish host. These eggs, contained inside the 
parasite's cyst, are released into the environment when the 
intermediate fish host dies or are expelled with the fish host's eggs 
when progenetic metacercariae are encysted in the host's gonads 
(Poulin and Lefebvre, 2006; Herrmann and Poulin, 2011a). Thus, 
the need for transmission to a definitive host is bypassed in 
parasites adopting progenesis. 
If progenesis is phenotypically plastic, then the frequency of 
pro genesis should be related to the probability of transmission to 
the definitive host. Several environmental factors affect adoption 
of alternative transmission routes. Stegodexamene anguillae 
preferentially adopts progenesis based on encystment site within 
the fish intermediate host and the opportunity for eggs to be 
released into the environment during host spawning events 
(Poulin and Lefebvre, 2006; Herrmann and Poulin, 2011a) and 
in hosts exposed to stressful conditions, which could indicate 
reduced host longevity and thus lower transmission probability 
(Herrmann and Poulin, 2011b). Another trematode, Coitocaecum 
parvum, exhibits variation in pro genesis depending on genetic 
relatedness with coinfecting parasites (Lagrue et al., 2009), length 
of time within the intermediate host (Lagrue and Poulin, 2009), 
and chemical cues conveying information on availability of 
definitive hosts (Poulin, 2003; Lagrue and Poulin, 2007). 
Thus far, field studies and laboratory experiments on proge-
netic species have focused on individuals from a single popula-
tion. However, plasticity of reproductive traits has been found to 
vary among populations of both free-living and parasitic 
organisms, especially among populations experiencing different 
environmental conditions (Seigel and Ford, 2001; Loot et al., 
2008). This study investigates, for the first time, the variation in 
the frequency of pro genesis among populations of S. anguillae in 
1 of its second intermediate host species, Gobiomorphus cotidianus 
(common bully). Two questions are addressed. First, is there any 
geographic variation in the frequency of pro genesis among 
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100 km 
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+Ohau 
eWaihola 
~Waipori 
FIGURE 1. Map of the South Island, New Zealand, indicating the 4 
sampling sites: Lakes Hawea, Ohau, Waihola, and Waipori. 
populations? Second, do other individual- or population-level 
parameters, such as abundance of S. anguillae, worm size, and egg 
production, also vary among host populations? Altogether, this 
study is the first to compare the frequency of progenesis among 
parasite populations and provide insight into the real plasticity of 
life cycle abbreviation in natural populations. 
MATERIALS AND METHODS 
Study sites 
Four lakes were selected as study sites, all on the South Island, New 
Zealand (Fig. 1). They were chosen based on published information on eel 
abundances, with relatively high eel abundances in Lakes Waihola and 
Waipori, low abundance in Lake Ohau, and intermediate abundance in 
Lake Hawea (Fig. 1) (Beentjes and Jellyman, 2003; Beentjes et ai., 2006). 
Two lakes, Waihola and Waipori, are shallow, coastal, eutrophic lakes 
with slightly brackish water due to tidal inflow (Table I) (Schallenberg and 
Burns, 2003; Schallenberg et ai., 2003). Lakes Hawea and Ohau are at 
higher elevation, have greater surface area, and are deep, oligotrophic 
lakes (Table I) (Beentjes et ai., 1997; Beentjes and Jellyman, 2003). The 
common bully has been reported as a dominant species in these lakes 
(Jellyman, 1984; Jeppesen et ai., 2000; Kattel and Closs, 2007) and is the 
main second intermediate host of S. anguillae in these lakes. Although 1 
site per lake was sampled, similar infection levels have been observed 
throughout Lake Waihola (R. Poulin, unpubi. obs.); this past observation 
and the fact that only part of the shore of each lake is accessible justified 
sampling from a single site per lake . 
Animal collection 
All lakes were sampled within 1 mo (20 January to 20 February 2010). 
Relative eel abundance was measured using 2 fyke nets set overnight for I 
night and calculated as number of eels per trap (Chisnall and West, 1996; 
Jellyman and Graynoth, 2005). Common bullies were captured using 16 
unbaited, weighted minnow traps set overnight, with 8 set in a row 1.5-2.0 m 
from shore, 2 m apart, at an approximate depth of 0.5 m, and 8 set 4.0--4.5 m 
from shore, 2 m apart, at an approximate depth of 1.0 m. Relative 
abundance of common bullies was calculated as the number of bullies per 
trap per hour (He and Lodge, 1990). Fyke nets and minnow traps were set 
following the same protocol, i.e., same formation in similar habitat, in all 4 
lakes to reduce variation in sampling effort among sites. After capture, fish 
were counted to determine relative abundance among sites, and common 
bullies longer than 3.2 cm were kept, while others were released. When fewer 
than 20 bullies were caught in the traps, an electric fishing machine, a seine 
net, and/or push nets (mesh size 5 mm) were used to obtain a total of 20 fish 
of the minimum required size. Bullies retained for dissection were killed by 
an overdose of tricaine methanesulfonate (MS-222) and frozen until 
dissection. Water temperature was also recorded on each collection. 
Measures and statistical analyses 
Total length, weight, and sex of each fish were recorded. Fish body 
condition was determined as W/L3, where Wand L are the weight and 
TABLE I. Lake parameters and measurements of hosts and Stegodexamene anguillae for the 4 lakes (lake information from Irwin, 1978; Beentjes and 
Jellyman, 2003; Schallenberg and Burns, 2003; Schallenberg et ai., 2003). 
Hawea Ohau Waihola Waipori 
Latitude, longitude 44°26'S, 169°12'E 44°IO'S, 169°49'E 46°00'S, 1700 06'E 45°58'S, 1700 07'E 
Surface area (km2) 141 63 6.4 2.2 
Mean depth (m) 192 74 1.3 0.5 
Max depth (m) 384 129 2.2 1.1 
Surface elevation (m) 348 520 16 0 
Relative eel abundance 0.5 0 7.5 4.5 
Relative bully abundance 0.563 0.012 0.077 0.029 
Mean bully length 
± SE (cm) (range) 4.8 ± 0.14 (3.6--6.2) 4.3 ± 0.15 (3.2-6.0) 4.9 ± 0.10 (3.9-5.5) 4.5 ± 0.09 (4.0-5.3) 
Bully sex ratio (males/females) 1.50 0.82 0.82 2.33 
No. S. anguillae 1125 544 400 292 
S. anguillae mean abundance 
± SE (range) 56.3 ± 9.69 (6-162) 27.2 ± 4.07 (2-68) 20.0 ± 4.21 (4--89) 14.6 ± 3.01 (2-50) 
S. anguillae mean abundance 
in gonads ± SE 2.2 ± 0.48 4.5 ± 1.14 5.3 ± 0.79 2.0 ± 0.71 
Mean % progenetic 
± SE (range) 1.6 ± 0.55 (0--10.0) 5.0 ± 1.72 (0-30.9) 17.1 ± 3.33 (0-50.0) 11.5 ± 2.94 (0-40.0) 
Mean worm size (m2) 
± SE (range) 0.15 ± 0.007 (0.01-2.80) 0.41 ± 0.026 (0.01-5.16) 0.43 ± 0.027 (0.01-2.87) 0.31 ± 0.027 (0.01-2.51) 
Mean number of eggs 
± SE (range) 138.2 ± 33.2 (0-470) 339.5 ± 53.14 (0-1130) 131.2 ± 22.74 (0-560) 176.2 ± 33.89 (0-610) 
Mean egg volume 
(m3) ± SE l.2e-04 ± 4.1e-06 1.4e-04 ± 4.5e-06 1.Ie-04 ± 3.5e-06 9.ge-05 ± 3.6e-06 
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TABLE II. The predictor variables included in the global model used for model selection of each response variable. A check mark indicates inclusion in 
the global model. 
Predictor variables Progenesis Worm size No. of eggs Egg volume 
Eel abundance .I 
Bully abundance .I 
Water temperature .I 
Host body condition .I 
Host length .I 
Host sex .I 
Encystment site .I 
Abundance of conspecifics .I 
Abundance of Telogaster 
opisthorchis .I 
Abundance of Apatemon sp. .I 
Developmental strategy 
Worm size 
No. of eggs expelled 
total length (Bolger and Connolly, 1989). Fish were dissected, and all 
tissues, except the brain and the lumen of the gastrointestinal tract (where 
metacercariae of S. angui/lae are never found), were examined for S. 
angui/lae as well as other parasite species. All S. anguillae metacercariae 
were individually removed from their cysts and classified as pro genetic 
(eggs present), non-pro genetic (no eggs present), or non-progenetic, but 
with visible vitellaria (no eggs present, but yolk-producing glands 
developed). Body surface of each worm was calculated as a surrogate 
for body size using the formula of an ellipsoid, (1tLW)/4, where Land W 
are the length and width of the parasite; the latter measurements were 
taken using a dissecting microscope (X80). Eggs of progenetic worms 
expelled from the worm and free within the cyst were counted. Length (L) 
.I 
.I 
.I 
.I 
.I 
.I 
.I 
.I 
.I 
.I 
.I 
.I .I 
.I .I 
.I .I 
.I .I 
.I .I 
.I .I 
.I .I 
.I .I 
.I 
and width (W) of a sub-sample of 10 eggs from each pro genetic worm were 
measured, and, assuming a regular ellipsoid shape, egg volume was 
calculated as (1tLW2)/6. 
Differences among lakes in relative eel abundance, relative bully 
abundance, and total length of bullies sampled were assessed with 
ANOVAs, while a chi-square test was used to assess differences in bully 
sex ratio among samples. Two generalized linear models (GLMs), each 
fitted with a quasipoisson distribution, were used to assess differences 
among lakes in mean abundance of S. anguillae, while accounting for 
variability due to bully host length, and in mean abundance of S. anguillae 
in the gonads only, while accounting for host sex. Three generalized linear 
mixed models (GLMMs) were used to assess differences among lakes in 
TABLE III. The statistical results for mean abundance of Stegodexamene anguillae, progenesis, worm size, and number of eggs expelled comparing the 4 
populations while accounting for any other significant predictor variables emerging from the model averaging analysis. Abundance was assessed with 
generalized linear models, while progenesis, worm size, and number of eggs were assessed with generalized linear mixed models. Parameter estimate, 
standard error (SE), and estimate/SE are reported. The significant main effects are in bold. 
Response 
Abundance of S. anguillae 
Abundance of S. anguillae 
in gonads only 
Progenesis 
Worm size 
No. of eggs 
Predictor variable 
Lake: Hawea vs. Ohau 
Lake: Hawea vs. Waihola 
Lake: Hawea vs. Waipori 
Bully host length 
Lake: Hawea vs. Ohau 
Lake: Hawea vs. Waihola 
Lake: Hawea vs. Waipori 
Bully host sex 
Lake: Hawea vs. Ohau 
Lake: Hawea vs. Waihola 
Lake: Hawea vs. Waipori 
Bully host length 
Site: muscle vs. head 
Site: muscle vs. body cavity 
Site: muscle vs. gonads 
Lake: Hawea vs. Ohau 
Lake: Hawea vs. Waihola 
Lake: Hawea vs. Waipori 
Develop: non-progenetic vs. vitellaria 
Develop: non-progenetic vs. progenetic 
Site: muscle vs. head 
Site: muscle vs. body cavity 
Site: muscle vs. gonads 
Lake: Hawea vs. Ohau 
Lake: Hawea vs. Waihola 
Lake: Hawea vs. Waipori 
Estimate 
-0.387 
-1.047 
-1.051 
0.798 
0.687 
0.862 
-0.070 
-0.268 
1.106 
1.502 
1.868 
0.959 
1.087 
2.692 
4.173 
0.021 
0.024 
0.003 
0.176 
0.286 
0.005 
0.042 
0.072 
-0.991 
-0.383 
-0.017 
SE Estimate/SE P 
0.174 -2.22 P oS 0.05 
0.189 -5.54 P oS 0.001 
0.219 -4.79 P oS 0.001 
0.110 7.29 P oS 0.001 
0.369 1.86 P> 0.05 
0.359 2.40 P oS 0.05 
0.438 -0.16 P> 0.05 
0.244 -1.10 P> 0.05 
0.533 2.08 P oS 0.05 
0.487 3.08 P oS 0.01 
0.541 3.45 P oS 0.001 
0.311 3.09 P oS 0.01 
0.451 2.41 P oS 0.05 
0.413 6.53 P oS 0.001 
0.418 9.99 P oS 0.001 
0.009 2.40 P oS 0.05 
0.009 2.71 P oS 0.05 
0.009 0.29 P > 0.05 
0.006 29.15 P oS 0.001 
0.006 45.61 P oS 0.001 
0.003 1.40 P> 0.05 
0.004 10.63 P oS 0.001 
0.005 14.80 P oS 0.001 
27.347 -0.04 P> 0.05 
24.332 -0.02 P > 0.05 
25.932 0.00 P> 0.05 
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TABLE IV. The top-ranked candidate models for each response variable. If more than I model within 2 AICc of the top model emerged, then models 
were sorted by corrected Akaike information criteria (AICc or QAICd, with model deviance, AICc or QAICc, difference in AICc from the best model 
(8AICd, and weight (AICw) values given for each model. 
Response Model 
Progenesis Bully abundance + site + host 
length + Stegodexamene anguillae 
Bully abundance + site + host length + 
S. anguillae + Telogaster opisthorchis 
Eel abundance + site + host 
length + S. anguillae + temperature 
Bully abundance + site + host length 
Bully abundance + site + host 
length + T opisthorchis 
Bully abundance + eel 
abundance + site + host length 
Bully abundance + eel abundance + 
site + host length + S. anguillae 
Site + host length + S. anguillae 
Site + host length + 
S. anguillae + T opisthorchis 
Bully abundance + site + host 
length + S. anguillae + temperature 
Bully abundance + site + host 
length + temperature 
Bully abundance + Apatemon + 
site + host length + S. anguillae 
Bully abundance + site + Apatemon + 
host length + S. anguillae 
Bully abundance + body condition + 
site + host length + S. anguillae 
Eel abundance + site + host 
length + temperature 
Worm size Body condition + development + site 
Development + site 
No. of eggs Intercept only 
Worm size 
Egg volume Intercept only 
progenesis (with each worm classified as either pro genetic, or not), log-
transformed worm size, and number of eggs produced per progenetic 
worm. Individual fish identity was added as a random factor to account 
for many S. anguillae sharing the same host individual. The progenesis 
model was fitted with a binomial error structure, the worm size model was 
fitted with the Gaussian (normal) distribution, and the egg model was 
fitted with a quasipoisson distribution. In the GLMM on progenesis, host 
length and encystment site (muscle, head, body cavity, or gonads) were 
also included as factors, whereas developmental stage and encystment site 
were added to the GLMM on worm size. These variables were deemed as 
important predictors in the model averaging analyses described below. 
However, all the above analyses are designed solely to identify differences 
among lakes, and, therefore, lake identity is the main factor in all of them. 
Subsequently, a separate series of analyses was performed to determine 
which parameters affect S. anguillae life history traits regardless of study 
site, i.e., lake. In these analyses, 4 response variables were assessed using a 
GLMM within an Akaike information criterion (AIC) and model 
averaging framework (Burnham and Anderson, 2002; see Table II). First, 
progenesis was the response variable in a GLMM fitted with a binomial 
error structure. Factors possibly influencing whether the parasite becomes 
pro genetic or not were included in the GLMM to determine the effect of 
relative eel abundance, relative bully abundance, water temperature, host 
body condition, host length, host sex, encystment site (muscle, head, body 
cavity, or gonads), mean abundance of conspecifics, and mean abundance 
of 2 other common species of trematode metacercariae (Telogaster 
opisthorchis and Apatemon sp.). Lake and individual fish identity were 
added as random factors. The interaction between host sex and 
encystment site was included preliminarily; however, inclusion of this 
Deviance AICc 8AICc AICw 
680.96 699.04 0.14 
680.10 700.19 1.15 0.08 
680.19 700.28 1.25 0.07 
684.25 700.31 1.27 0.07 
682.26 700.34 1.30 0.07 
682.29 700.37 1.34 0.07 
680.52 700.61 1.57 0.06 
684.61 700.67 1.64 0.06 
682.73 700.81 1.77 0.06 
680.74 700.84 1.80 0.06 
682.80 700.88 1.84 0.05 
680.91 701.00 1.97 0.05 
680.92 701.01 1.97 0.05 
680.93 701.02 1.98 0.05 
682.96 701.03 2.00 0.05 
-6248.16 -6228.07 0.70 
-6244.41 -6226.33 1.73 0.30 
8598.05 23.20 0.71 
8596.65 24.95 1.75 0.29 
-1618.00 -1588.00 1.00 
interaction resulted in similar model averaging and thus was not retained 
in order to achieve a simpler global model. This set of variables was used 
in the following analyses in addition to any specified (Table II). Second, 
worm size data were log-transformed to approach normality and used as 
response variable in a GLMM fitted with the Gaussian (normal) 
distribution. The same predictors as in the progenesis GLMM were 
included with the addition of developmental strategy (non-progenetic, 
vitellaria-present, and progenetic). Third, those same predictor variables 
were included in a GLMM, fitted with a quasipoisson distribution, on 
number of eggs expelled per progenetic worm as the response variable with 
the addition of worm size as an extra factor. Finally, a last GLMM with 
mean egg volume per progenetic worm as response variable and fitted with 
the Gaussian (normal) distribution included the additional factors of 
worm size and number of eggs expelled. The GLMMs on number of eggs 
and mean egg volume were performed to consider the possibility that some 
predictor variables might have more subtle effects on parasite biology than 
just influencing whether or not they become progenetic. 
Global models were fitted using the package Ime4 (Bates and Maechler, 
2009) in the program R (R Development Core Team, 2009). The global 
model was then used to generate a model set of all possible models, with 
functions from the R package MuMln (Barton, 2009). Each model in the 
set was ranked by AICc , or QAICc for the model fitted with a 
quasi poisson distribution. Model averaging, using MuMln and the 
natural averaging method, was performed on all models within 2 AICc 
(or QAICd of the best model. The predictor variables in the top models 
are reported with their relative importance weights, model-averaged 
parameter estimates, unconditional standard error, and 95% confidence 
intervals. When only 1 top model emerged, that model is reported. 
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TABLE V. Predictor variables from top models for each response variable. Relative importance weights (w.,.{z), coefficient estimates, their unconditional 
standard error (SE), and 95% confidence interval (CI) after model averaging are shown for each variable. Values from top model reported for response 
variables with only 1 top model. Variables in bold have a 95% confidence interval bounded away from zero. 
Response 
Progenesis 
Worm size 
No. of eggs 
Egg volume 
Predictor variable 
Intercept 
Site: muscle vs. head 
Site: muscle vs. body cavity 
Site: muscle vs. gonads 
Host length 
Relative buOy abundance 
No. of Stegodexamene anguillae 
Relative eel abundance 
Temperature 
No. of Telogaster opisthorchis 
Host sex 
No. of Apatemon sp. 
Host body condition 
Intercept 
Develop: non-pro vs. viteDaria 
Develop: non-pro vs. progenetic 
Site: muscle vs. head 
Site: muscle vs. body cavity 
Site: muscle vs. gonads 
Host body condition 
Intercept 
Worm size 
Intercept 
RESULTS 
1.00 
1.00 
1.00 
1.00 
0.76 
0.68 
0.26 
0.24 
0.21 
0.05 
0.05 
0.05 
1.00 
1.00 
1.00 
1.00 
1.00 
0.70 
0.50 
Relative bully abundance varied among lakes (Table I; F 3,63 = 
28.50, P < 0.001). A post-hoc Tukey's HSD showed that Lake 
Hawea had higher relative bully abundance than all other lakes, 
with a 0.05 level of significance, with all other comparisons 
between lakes being non-significant. Of the 80 bullies sampled, 
total length varied between 3.2 (lower collection limit) and 6.2 cm, 
and mean total length was significantly different only between 
Lakes Ohau and Waihola (Table I; F 3,76 = 4.30, P = 0.007, 
Tukey's HSD = -0.56, P = 0.010). There was no significant 
difference in sex ratio of bullies sampled among lakes ('l = 3.64, 
df = 3, P = 0.30). Even though lakes were chosen based on prior 
information suggesting varying eel abundance, no such difference 
was detected statistically (F 3,4 = 1.03, P = 0.469). 
The total number of S. anguillae sampled from 20 bullies from 
each lake also varied (Table I). While prevalence in bullies was 
100% at all lakes, mean abundance of S. anguillae was greater at 
Lake Hawea than all other lakes (Tables I, III). However, 
considering only worms in the gonads, the mean abundance was 
greater at Lake Waihola than all other lakes (Table III). 
Model analysis on progenesis resulted in 15 top models within 2 
AICc of the best model (Table IV), and all explanatory variables 
considered in the global model were included in at least 1 model in 
the top model set. Encystment site and bully host length emerged 
as the most robust predictor variables, with a relative importance 
weight of 1.00 and a 95% confidence interval bounded away from 
zero (Tables IV, V). There were greater proportions of pro genetic 
worms in host head, body cavity, and gonads than in muscle 
tissue (Fig. 2A). Progenesis also increased with increasing host 
length (Fig. 3). Bully abundance also had a confidence interval 
that did not include zero but had a lower relative importance 
Estimate SE 95% CI 
-8.010 5.100 -18.000 to 1.990 
1.100 0.452 0.2100 to 1.980 
2.690 0.413 1.880 to 3.500 
4.130 0.417 3.310 to 4.950 
1.140 0.393 0.371 to 1.910 
-2.020 1.020 -4.020 to -0.019 
-0.013 0.008 -0.028 to 0.002 
0.359 0.371 -0.367 to 1.090 
-0.676 0.885 -2.410 to 1.060 
0.008 0.007 -0.005 to 0.021 
-0.073 0.313 -0.686 to 0.541 
0.000 0.002 -0.003 to 0.004 
-23.800 131.000 -281.000 to 233.000 
0.056 0.021 0.014 to 0.098 
0.176 0.006 0.165 to 0.188 
0.286 0.006 0.274 to 0.298 
0.005 0.003 -0.002 to 0.0\ I 
0.042 0.004 0.034 to 0.050 
0.073 0.005 0.063 to 0.082 
-0.760 2.490 -5.640 to 4.120 
4.236 9.131 -13.660 to 22.132 
-0.001 0.083 -0.164 to 0.163 
1.2e--04 8.le-06 1.0e-04 to l.3e-04 
weight (Table V). Bully abundance and frequency of progenesis 
showed a negative relationship (Table V), with Lake Hawea 
having the greatest bully abundance and lowest proportion of 
progenetic worms compared with the other lakes (Tables I, III; 
Fig. 4). 
Host body condition, developmental strategy, and encystment 
site were the predictors of worm size in the 2 top models, although 
95% confidence intervals of only developmental strategy and 
encystment site did not include zero (Tables IV, V). Worms grew 
larger as they developed from non-pro genetic to having vitellaria 
to becoming progenetic. Worms in the body cavity and gonads 
grew to larger sizes than those in the head and muscle tissues 
(Fig. 2B). Inter-lake comparisons showed that worms at Lakes 
Ohau and Waihola achieved larger sizes than those at Lake 
Hawea (Tables I, III). 
Two top models emerged from model analysis on egg 
production, the intercept only model and a model with worm 
size as the only predictor (Table IV). Confidence interval of worm 
size included zero (Table V). Egg production did not differ among 
populations (Tables I, III). Only 1 top model, the intercept only 
model, resulted from model analysis on mean egg volume 
(Table IV). No variable measured in this study explained egg 
size. Furthermore, mean egg volume was also similar among 
populations (n = 910; Table I). 
DISCUSSION 
The present study found both similarities and differences in S. 
anguillae infections and life history traits among 4 lake 
populations. Since we sampled only 1 site at each lake, within-
lake spatial variation may account for part of these differences, 
though it is unlikely to eclipse inter-lake variation. Although 
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FIGURE 2. (A) Proportion of progenetic worms and (B) mean worm 
size (mm2) at each lake as a function of encystment site. Error bars 
indicate the standard error of the mean. 
prevalence of S. anguillae metacercariae in bully intermediate 
hosts was 100% at all 4 lakes, abundance of S. anguillae varied 
among the lakes and was greatest at Lake Hawea. Relative 
abundance of the second intermediate host, common bully, was 
also substantially higher in Lake Hawea than in the other lakes 
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the mean. 
studied. Since parasite abundance in an intermediate host is often 
positively correlated with definitive host abundance (Marcogliese 
et aI., 2001; Smith, 2001; Latham and Poulin, 2003; Hechinger 
and Lafferty, 2005), the availability of suitable hosts must be 
adequate at all 4 lakes, but abundances of hosts may be best for 
transmission success at Lake Hawea. Further, abundance of S. 
anguillae also increased with increasing host length, since bullies 
probably acquire metacercariae continuously throughout their life 
(Barber and Crompton, 1997). 
The frequency of pro genesis was highest at Lake Waihola. This 
may be explained by the greater abundance of S. anguillae in the 
gonads of Lake Waihola bullies; worms encysted in the gonads 
are more likely to adopt progenesis. Host length was also an 
important predictor affecting pro genesis. Stegodexamene anguil-
lae are more likely to become pro genetic in longer and, therefore, 
older, bully hosts. As an intermediate host ages, predation risk 
and the probability of transmission to a definitive host may 
decrease, and S. anguillae may thus respond to cues related to 
host aging and reproduce through progenesis before the 
intermediate host dies. This supports previous results in which 
an increase in pro genesis occurrence was observed in bully hosts 
experimentally exposed to stressful conditions and experiencing 
reduced longevity (Herrmann and Poulin, 2011b). However, for 
some prey species, predation risk increases as the prey approaches 
senescence and thus the probability of transmission increases. 
Therefore, an alternative explanation of an increase in progenesis 
in longer fish may be that S. anguillae in older hosts could be 
older and may have an age-dependent strategy, as predicted by 
the developmental time hypothesis (Poulin and Cribb, 2002). The 
progenetic trematode, C. parvum, provides a good example, i.e., 
the longer it spends encysted within a second intermediate host, 
the more likely it is to mature and produce eggs (Lagrue and 
Poulin, 2009) . 
Transmission generally depends on host availability (Crossan 
et aI., 2007). Low definitive host abundance is thought to be the 
main driving force behind the evolution of truncated life cycles 
(Poulin and Cribb, 2002). In spite of this, eel abundance did not 
significantly influence frequency of progenesis in this study. 
Although eel abundance was not addressed as an original 
objective, it is likely to be a possible source of variation in 
progenesis. However, too few lakes were sampled to adequately 
test this possibility. Additionally, the link between progenesis and 
eel abundance may be confounded by eel translocations into Lake 
Hawea. The lake's main outlet is the Clutha River, although 
Roxburgh and Clyde Dams have restricted eel recruitment into 
Lake Hawea since 1958 and 1992, respectively (Beentjes and 
Jellyman, 2003). In 1998, over 9,000 eels were transferred to Lake 
Hawea from high-density populations from branches of the 
Clutha River (Beentjes and Jellyman, 2003). These transfers, no 
doubt, also included S. anguillae within the eels. Intensive eel 
surveys in Lake Hawea prior to the transfer captured 3 eels each 
in 1995 and 1998 (Beentjes and Jellyman, 2003). Therefore, the 
majority of S. anguillae individuals in the current population at 
Lake Hawea are likely descendants of S. anguillae populations 
from the Clutha River. Progenesis of S. anguillae appears to be 
rare in river systems (I. Blasco-Costa, pers. comm.), which may 
explain the low incidence of progenesis in the Lake Hawea 
population compared with all other lakes. 
Overall, there was a negative relationship between pro genesis 
and bully abundance, with Lake Hawea having both the greatest 
abundance of bullies and the lowest prevalence of progenesis. 
Again, this relationship is highly likely to be confounded by the 
recent transfer of eels and S. anguillae into Lake Hawea from the 
Clutha River. The frequency of progenesis at Lake Hawea is 
likely to have been influenced by conditions experienced by the S. 
anguillae population from the Clutha River. The other 3 lakes had 
similar abundances of bullies but had different proportions of 
progenetic S. anguillae, suggesting that abundance of common 
bullies may not be an important factor in progenesis. 
Worms were of smaller sizes in Lake Hawea than in Lakes 
Ohau and Waihola. Although Lake Hawea bullies harbored 
the greatest number of S. anguillae, abundance of S. anguillae did 
not affect individual worm size. Developmental stages (non-
progenetic, vitellaria-present, or progenetic) and encystment site 
were the main predictors of worm size. As S. anguillae matured 
sexually, they also grew in size. Since the Lake Hawea population 
had the fewest progenetic individuals, its mean size would be 
expected to be smaller. Further, worms encysted in body cavities 
and gonads attained larger sizes than those in muscle tissue. 
Trematodes absorb monosaccharides across the tegument (Bibby 
and Rees, 1971; Erasmus, 1972), which may be more readily 
available in these tissues compared with muscle tissue. 
Even though the proportion of progenetic individuals varied 
among lake popUlations, egg production was similar. Across the 4 
lake populations, the mean ranged between 130 and 340 eggs per 
progenetic worm. A maximum of 1,130 eggs was produced by a 
worm from Lake Ohau. Egg production should be constrained in 
progenetic individuals inside a metacercaria cyst and relatively 
short-lived second intermediate host compared with those in the 
gut of a definitive host (Poulin and Cribb, 2002). Although 
fecundity of adults inside an eel definitive host is unknown, it is 
likely much higher than that of progenetic individuals. Egg 
volume did not vary among parasite populations and was not 
influenced by any other variable considered here, suggesting that 
this trait is not plastic and independent from factors influencing 
progenesis. 
Overall, the present results indicate that progenesis in S. 
anguillae does vary among populations. Previous research, along 
with the present study, showed that encystment site and thus 
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opportunity for releasing progenetic eggs into the environment 
(Poulin and Lefevbre, 2006; Herrmann and Poulin, 2011a), as well 
as longevity of the second intermediate host (Herrmann and 
Poulin, 2011b), are strong selective forces acting on early 
maturation and reproduction in S. anguillae. Progenesis may be 
a plastic trait responding to a variety of factors; however, 
abundance of definitive eel hosts does not seem to have 
measurable impacts on rates of progenesis in natural populations 
of S. anguillae. 
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FLUCTUATIONS IN DENSITIES OF THE INVASIVE GILL PARASITE CENTROCESTUS 
FORMOSANUS (TREMATODA: HETEROPHYIDAE) IN THE COMAL RIVER, COMAL 
COUNTY, TEXAS, U.S.A. 
Matthew S. Johnson', Anne Bolickt, Mara Alexander, David Huffman=!:, Ed Oborny§, and Allen Monroell 
U.S. Fish and Wildlife Service, San Marcos National Fish Hatchery and Technology Center, 500 East McCarty Lane, San Marcos, Texas 78666. 
e-mail: mara_alexander@fws.gov 
ABSTRACT: Centrocestus formosanus (Trematoda: Heterophyidae) is an invasive fish parasite in the Comal River, Texas, and is 
considered a threat to the federally endangered fountain darter, Etheostoma fonticola. Monitoring densities of C. formosanus cercariae 
is crucial to determining levels of infection pressure. We sampled 3 sites in the Comal River during 2 sampling periods, the first during 
2006-2007, and again during 2009-2010. Two of the sites were located in the upstream reach of Landa Lake, sites HS and LA, and the 
third site was located downstream of Landa Lake in the old channel of the river. Cercariae densities were highest at the downstream 
most site (EA), followed by sites LA and HS, during both sampling periods, but a significant decline in cercariae density was observed 
between the first and second sampling periods. Several abiotic factors were monitored, including total stream discharge, wading 
discharge, temperature, and dissolved oxygen, but no river-wide trends were observed. Therefore, we speculate that these factors do not 
adequately explain the observed long-term decline in cercariae density. We propose that the decline is simply a reflection of a typical 
pattern followed by most invasive species as they gradually become integrated into the local community following an initial explosive 
growth in population size. Although cercariae densities may be abating, fountain darters in the Comal River are still threatened by the 
parasite, and conservation efforts must focus on reducing levels of infection pressure from the parasite whenever possible. 
Centrocestus formosanus (Nishigori, 1924) is a digenetic 
trematode that was originally described in Taiwan but has 
become widely distributed throughout Asia and warm-water 
areas of the world (Mitchell et aI., 2000). Scholz and Zalgado-
Maldonado (2000) believe the trematode was likely introduced 
into Mexico in 1979 but was not confirmed until 1985. The 
parasite then spread to the United States possibly in the early 
1980s (Blazer and Gratzek, 1985; Mitchell et aI., 2000, 2002). In 
1996 metacercariae of the invasive trematode were observed 
infecting the gills of the endangered fountain darter, Etheostoma 
fonticola (Jordan and Gilbert, 1886), and several other species of 
fish in the Comal River in Comal County, Texas (Mitchell et aI., 
2000). The authors observed considerable gill damage caused by 
the encystment of up to 1,500 metacercariae per fish. 
The definitive host for C. formosanus in central Texas appears 
to be the green heron, Butorides virescens (Linnaeus, 1758), in 
which adult trematodes colonize the colon (Kuhlman, 2007). 
Other piscivorous bird species in Central Texas, including Yellow-
crowned Night Heron (Nyctanassa violacea), Belted Kingfisher 
(Megaceryle alcyon), and Cormorant (Phalacrocoracidae spp.), 
have been tested for parasite infestation, but no other definitive 
hosts have been identified (T. Brandt, pers. comm.) The adult 
trematodes are released via host feces. The first intermediate host 
is the red-rimmed melania, Melanoiqes tuberculatus (Muller, 1774) 
(Mitchell et aI., 2005). The snail is infected either by directly 
consuming trematode eggs or via penetration by free-swimming 
miracidia that are released from the eggs (Lo and Lee, 1996). 
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Once inside the snail, the miracidium transforms into a sporocyst 
and asexually produces rediae, which, in turn, produce cercariae 
(Schell, 1970). Cercariae exit the snail host and infect second 
intermediate hosts, 1 of which is the fountain darter. Cercariae 
penetrate the gill filaments, where they cause severe gill lesions 
and precipitate cartilage hyperplasia, resulting in severe gill lesions 
that reduce respiratory function (Balasuriya, 1988; Velez-Hernan-
dez et aI., 1988; Alcaraz et aI., 1999; McDermott, 2000; Mitchell 
et aI., 2000). Once the definitive host consumes the second inter-
mediate host, the life cycle is complete. 
Informal observations suggested that the density of C. 
formosanus cercariae in the water column decreases as stream 
discharge increases (T. Brandt, pers. comm). Upatham (1973) 
observed that Schistosoma mansoni (Sambon, 1907) numbers 
declined as stream discharge increased. If this same relationship 
exists between the C. formosanus cercariae and discharge in the 
Comal River, there are concerns that during low flow periods, 
increased levels of infection pressure would exacerbate the other 
stresses oflow stream discharge on the fountain darter. Therefore, 
the purpose of the present study was to monitor the abundance of 
C. formosanus cercariae and determine which stream character-
istics are driving fluctuations in cercarial abundance in the Comal 
River. 
MATERIALS AND METHODS 
Study system 
Five kilometers long, the Comal River in New Braunfels, Comal 
County, Texas, issues from the state's largest spring complex at the edge 
of the Edwards Plateau region of central Texas (Brune, 1981). The 
headsprings are now impounded by 2 dams to form Landa Lake, from 
which the spring water flows into the New Channel and the Old Channel 
(Fig. I). These channels converge approximately 2.5 km downstream of 
Landa Lake and flow another 2.5 km before the Comal River merges with 
the Guadalupe River (USFWS, 1996). 
We completed 2 sampling periods of parasite monitoring at 3 sites for 
this study. Both collection periods were initiated during droughts. Two 
sites, Houston Street (HS) and Liberty Avenue (LA), were located in 
the shallow upstream reach of Landa Lake, at NAD27 coordinates 
29. 720777N, 98.128097W, and 29.718766N, 98.130305W, respectively. 
Both of these sites are located within 300 m of I of the springs that feed the 
upper portion of Landa Lake. These sites were characterized by substrates 
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FIGURE 1. Map of the Comal River, Comal County, Texas, USA, 
noting sampling sites where Centro cestus formosanus cercarial densities 
were measured between June 2006 and July 2010. 
dominated by gravel. Both banks of Site HS consist of concrete walkways. 
One bank of Site LA is also a concrete walkway, while the other bank is 
lined with large cobble and small boulder material. The invasive elephant-
ear (Colocasia spp.) inhabits this bank. The third site, Elizabeth Avenue 
(EA), is located downstream in the Old Channel, approximately 500 m 
from the spillway of Landa Lake (29.710133N, 98.128703W) (NAD27). 
Flow in the Old Channel is regulated through a series of gated culverts and 
is considered I of the most stable areas in the river because most moderate 
flood pulses are directed through the New Channel. Sites HS and EA have 
been previously studied for the prevalence of the invasive trematode in 
the endangered fountain darter (Mitchell et al., 2000). Piscivorous birds, 
including Green Heron, Yellow-crowned Night Heron, Belted Kingfisher, 
and Cormorant, were observed at times at all sites during the study. 
Collection of cercariae 
At each of the 3 sites, we established a transect across the river 
perpendicular to flow and then established 6, equally spaced collection 
points along each transect. At each of the 6 points, we took 2, 5-L samples 
of water, 1 approximately 10 em from the bottom and 1 at 60% depth 
from the surface. Each water sample was pumped through a flexible 
acrylic tube (6.4 mm internal diameter) into a IO-L bucket via a battery-
operated submersible pump (Attwood aerator pump, Model A500, 
Lowell, Michigan), which was positioned at the desired depth on an 
adjustable 1.5-m rod before pumping was initiated. Sites were not sampled 
in a consistent order. Water samples were generally collected between 8:00 
and 13:00, although some sampling events occurred outside of this time 
frame. 
Immediately following collection, we added 5 ml of formalin to each 
water sample to fix the cercariae. We then filtered the sample using an 
apparatus described in Theron (1979) and Prentice (1984), but using 
modifications developed by Cantu (2003). Each sample was passed 
through 3 successive nylon mesh filters with pore sizes of 220, 86, and 
30 Illll, respectively (Fisher Scientific, Pittsburgh, Pennsylvania). The 220-
and 86-~m filters were used to filter out larger debris. Cercariae freely 
passed through the 220- and 86-~m pre-filters and collected on the final 
30-~m filter. A new 30-1llll filter was used for each water sample. After 
each sample was filtered, we placed the 30-~m filter in a Petri dish and 
covered it with 3 ml of a 10% formalin solution. We then stained the 
cercariae on the filters in a 10% Rose Bengal solution. We then took all 
filters to the laboratory for analysis. Formalin wastewater was collected in 
18-L jugs and transported to the laboratory. There all waste water was 
detoxified using DeToX Formaldehyde neutralizer (Scientific Device 
Laboratory, Des Plaines, Illinois) (0.05 oz. DeToX neutralizer/L formalin 
wastewater) and discarded. 
Cercariae counts 
In the laboratory, we placed each 30-~m filter on a 60 mm X 60 mm grid 
in a 95-mm diameter Petri dish. Excess Rose Bengal was cleared from the 
filter by gradually rinsing with tap water. We inspected the entire filter 
using a dissecting microscope (100X) and counted all C. formosanus 
cercariae present. Another invasive parasite, Haplorchis pumolio (Looss, 
1896), is also present in lower densities within the Comal River but was 
not counted for this study. Once we counted all C. formosanus, we placed 
each filter in a 10% NaOH solution to dissolve remaining biological 
material. We then rinsed each filter and placed it in a 10% bleach solution 
to remove residual stain. The filters were then dried and available for use 
during the next sampling event. We calculated the number of cercariae/L 
by dividing the total number of cercariae counted on a filter by the total 
volume of the water sample (5 L). 
Stream characteristics 
Total stream discharge: We obtained total stream discharge for the 
Comal River using daily data from the United State Geological Survey 
(USGS) real-time water database (USGS, 2001). We used the Comal River 
gauge at New Braunfels, Texas, USGS 08169000. The gauge is located 
approximately 200 m downstream from the confluence of the Old Channel 
and New Channel (29.422IN, 98.0720W) (NAD27). 
Stream wading discharge and temperature: Immediately following 
cercariae collection, we measured depth and stream velocity at 20 
equidistant points along the site transect using methods adapted from 
Buchanan and Somers (1969). If the depth at a transect point was 
:5 0.76 m, we determined a point mean velocity value by collecting a single 
velocity measurement at 60% depth from the water surface. If the depth at 
that transect point was> 0.76 m, we calculated a mean velocity value by 
averaging 2 discharge measurements that we collected at 20 and 80% 
depth. We calculated the total wading discharge using the following 
formula: 
I)dxwxv), 
where d = depth (m), w = width between collection points (m), and v = 
point mean velocity (cms). We then measured stream temperature and 
dissolved oxygen at each site using a dissolved oxygen meter (Model 58, 
YSI, Yellow Springs, Ohio). 
Data analysis 
Cercariae abundance (c. formosanus cercariae/L) at each site was 
regressed against time to determine if the density of C. formosanus 
cercariae drifting in the water column changed between the 2 sampling 
periods of this study. We used the Kolmogorov-Smirnov Normality Test 
to screen cercariae density data for normality and determined that the data 
were normally distributed [P(Xtx(I),2,106 ~ 6.33) = 0.08]. Two-way analysis 
of variation was employed to evaluate differences in cercariae density 
among sites and between sites, and also to evaluate any interactions 
between site and sampling period. A Tukey/Kramer post hoc analysis 
was then used to determine where these significant differences existed, 
if anywhere. All statistical analyses used an rx of 0.01 and were con-
ducted using STATVIEW (version 5.0; SAS Institute Inc., Cary, North 
Carolina). 
RESULTS 
Collections 
The first sampling period occurred between June 2006 and June 
2007, during which samples were collected every 2 wk (Table I). A 
second period of sampling occurred between July 2009 and July 
2010 during which samples were collected every 2 wk for the first 
3 mo and then monthly thereafter (Table II). The sampling 
frequency was reduced to monthly because by October 2009 
drought conditions had subsided and regional precipitation had 
returned to near normal. Additionally, observed total stream 
discharge also returned to near normal during this time (USGS, 
2001). 
Cercariae densities 
The farthest upstream site (HS) generally had the lowest 
densities of cercariae of the 3 surveyed sites. During the first 
sampling period, the cercarial density ranged from 0045 to 3.63 
cercariae/L (X ± sx; 1.37 ± 0.20; Table I). Cercariae densities 
collected during the second sampling period at Site HS ranged 
from 0.08 to 0.87 (0043 ± 0.07; Table II). During the first 
sampling period, cercariae densities of samples collected at Site 
LA ranged from 1.44 to 9.33 (4.65 ± 0045). Densities of samples 
collected at Site LA during the second sampling period ranged 
from 0.08 to 2.65 (1.38 ± 0.17). Site EA, the furthest downstream 
site in the Comal River, generally had the highest densities of C. 
formosanus cercariae. Cercariae densities at Site EA during the 
first sampling period ranged from 1.37 to 14.13 (7.06 ± 0.74). 
Densities of cercariae from Site EA during the second sampling 
period ranged from 1.82 to 4.23 (2.75 ± 0.19). Simple linear 
regression confirmed that correlation between cercariae density 
and date was significant at all 3 sites (HS: ? = 0.239, P = 0.0018; 
LA:? = 0.505, P < 0.0001; EA:? = 00495, P < 0.0001; Fig. 2). 
A 2-way ANOV A found a main effect of site on observed 
cercariae densities [P(F",(I).2,J06 2: 40.37) < 0.0001], indicating that 
significant differences existed in mean cercariae densities observed 
at each of the 3 sampled sites. There also was a main effect of 
sampling period [P(F",(I),I,J06 2: 62.22) < 0.0001]. Finally, there 
was an interaction between site and period [P(F",(I),2,J06 2: 7.97) < 
0.0006]. Tukey/Kramer multiple comparisons analysis showed 
that significant differences in mean cercariae density existed 
among all sites sampled during this study and between the 2 
sampling periods. A mean difference of 2.27 existed between Site 
HS and Site LA, which surpassed a critical difference of 1.04. The 
mean difference of 4.23 that existed between Site HS and Site EA 
also exceeded the critical difference of 1.04, making the difference 
between Sites HS and EA significant. A mean difference of 1.96 
existed between Site LA and Site EA. This difference also exceeded 
the critical difference of 1.04, making this final comparison between 
sites significant. The mean difference between the 2 sampling 
periods was 2.28. This difference exceeded the critical difference of 
0.72 and showed that a significant difference existed in cercariae 
density between the 2 sampling periods. 
Stream characteristics 
Total stream discharge: The total discharge of the Comal River 
during the first sampling period ranged from 5.78 to 12049 m3/sec 
(7.55 ± 0.19) on days when samples were taken during the first 
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sampling period, and from 4042 to 11.38 (7.07 ± 0.52) when 
samples were taken during the second sampling period. 
Wading discharge: The wading discharge of Site HS ranged 
from -0.05 to 0.82 m3/sec (0.31 ± 0.05) during the first sampling 
period, and from 0.06 to 0.87 (0048 ± 0.08) during the second 
sampling period. The wading discharge of Site LA ranged from 
-0.17 to 1.20 (0.31 ± 0.05) during the first sampling period, 
and from 0.02 to 1.27 (0.57 ± 0.11) during the second. Wading 
discharge of Site EA ranged from 0.97 to 1.62 (lAO ± 0.03) 
during the first sampling period, and from 1.16 to 2.73 (1.50 ± 
0.11) during the second sampling period. 
Temperature: The stream temperature at the 3 sites remained 
generally constant throughout the first sampling period. The 
stream temperature at Site HS during the first sampling period 
ranged from 22.5 to 26.1 C (24.1 ± 0.21) during the first sampling 
period, and from 23.2 to 25.9 (23.92 ± 0.21) during the second 
sampling period. The stream temperature at Site LA during the 
first sampling period ranged from 21.0 to 24.5 (22.79 ± 0.24), and 
from 22.5 to 25.8 (23.63 ± 0.20) during the second sampling 
period. The stream temperature at Site EA during the first 
sampling period ranged from 21.5 to 25.5 (23.25 ± 0.26), and 
from 21.3 to 25.9 (23.56 ± 0.34) during the second sampling 
period. 
Dissolved oxygen: During the first sampling period, dissolved 
oxygen ranged from 5.5 to lOA mg/L (6.62 ± 0.19) at Site HS. At 
Site LA, dissolved oxygen ranged from 6.1 to 9.0 (7.16 ± 0.19), 
and dissolved oxygen ranged from 5.7 to lOA (8.21 ± 0.19) at Site 
EA. During the second sampling period, dissolved oxygen ranged 
from 3.1 to 8.6 at Site HS (5.71 ± 0.30), from 3.5 to 9.5 at Site LA 
(6.35 ± 0.29), and from 5.9 to 9.88 at Site EA (7.88 ± 0.30). 
DISCUSSION 
None of the physical factors that we measured during this study 
(wading discharge, total stream discharge, temperature, and 
dissolved oxygen) appear to have been correlated with the decline 
in cercariae density observed between June 2006 and July 2010. 
Because spring-fed systems naturally have relatively stable 
temperature and dissolved oxygen, it is unlikely that these factors 
were the cause of the decline in cercariae density, despite some 
differences between the sampling periods. These differences in 
abiotic factors were likely caused by the drought conditions that 
occurred during the second sampling period, but do not appear 
to have been drastic enough to affect cercariae densities at the 
sampled sites. Additionally, we do not believe that differences in 
sampling times were the cause of the observed declines. Despite 
the evidence that the time of day affects cercariae densities in 
the water column (M. Johnson, unpublished data), it is highly 
unlikely that differences in sampling time would manifest as long-
term declines. Any differences in cercariae density associated with 
these sampling differences would be observed on a smaller 
timescale. We considered other abiotic factors, such as flooding 
events, and biotic factors, such as invasive species population 
dynamics, that could potentially cause this trend in cercariae 
density. 
Flooding events, such as those that occurred on 9 June 2010, 
appear to cause localized declines in cercariae density. We 
observed such a decline at Site LA during the sampling event 
following the 9 June 2010 flood. Cercariae density dropped from 
1.37 cercariae/L to 0.08 cercariae/L. However, this reduction in 
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TABLE I. Centrocestusformosanus cercariae collected at 3 sites in the Comal River, Texas, June 2006-June 2007. N = number of filters used during the 
particular sampling event; Range = C. formosanus cercariae/5 L sample; total = total cercariae collected during the particular sampling event; mean = 
C. formosanus cercariae/L. 
Houston Street (HS) 
Cercarial counts 
Inclusive dates N Range Total Mean N 
22 June 2006-22 June 2006 12 2-8 49 0.82 11 
13 July 2006-14 July 2006 12 1-4 27 0.45 11 
28 July 2006-29 July 2006 12 0-7 35 0.58 11 
4 Aug 2006-5 Aug 2006 12 3-9 57 0.95 11 
18 Aug 2006-19 Aug 2006 12 2-9 60 1.00 11 
I Sept 2006-3 Sept 2006 12 0-5 29 0.48 11 
15 Sept 2006-16 Sept 2006 12 2-13 72 1.20 11 
29 Sept 2006-30 Sept 2006 12 5-13 93 1.55 11 
20 Oct 2006-21 Oct 2006 12 3-31 131 2.18 11 
3 Nov 2006-4 Nov 2006 12 0-6 36 0.60 11 
17 Nov 2006-18 Nov 2006 12 1-24 114 1.90 11 
I Dec 2006-2 Dec 2006 12 5-35 153 2.55 11 
IS Dec 2006-16 Dec 2006 12 1-10 61 1.02 11 
31 Dec 2006-1 Jan 2007 12 0-7 41 0.68 11 
26 Jan 2007-27 Jan 2007 12 4-36 190 3.17 11 
17 Feb 2007-17 Feb 2007 12 0-6 38 0.63 11 
3 Mar 2007-4 Mar 2007 12 4-46 218 3.63 11 
16 Mar 2007-17 Mar 2007 12 0-7 32 0.53 11 
31 Mar 2007-1 Apr 2007 12 2-28 134 2.23 11 
14 Apr 2007-15 Apr 2007 12 2-30 128 2.13 11 
27 Apr 2007-28 Apr 2007 12 1-9 58 0.97 11 
18 May 2007-20 May 2007 12 2-12 57 0.95 11 
1.37 ± 0.20 
cercariae density did not last long. Melanoides tuberculatus 
typically are restricted to lentic habitats (Tolley-Jordan and 
Owen, 2008). Researchers have hypothesized that M tuberculatus 
are found in these habitats because dislodgement prevents them 
from forming stable populations in lotic habitats (Giovanelli 
et aI., 2005; Tolley-Jordan and Owen, 2008). In lotic habitats, the 
snails are more likely to inhabit substrata that they are able to 
burrow into more easily (Tolley-Jordan and Owen, 2008). Once 
the river returns to its average flow, snails protected in these lentic 
habitats will re-colonize lotic habitats scoured during high water 
events, making any declines localized and short-lived. On the 
second sampling event following the 9 June 2010 flood, cercariae 
densities had begun to return to preflood levels. This is likely 
because the snails protected from scouring had begun to return to 
the surface and recolonize the scoured substratum. 
Sites HS and EA, however, did not experience a severe decline 
in cercariae density following the flood. This lack of decline can 
potentially be explained in 2 ways: first, these declines in cercariae 
density could be very localized. Alternatively, it is possible that 
the decline observed at Site LA following the 9 June 2010 flood is 
merely the result of sampling error. Wide deviations in observed 
cercariae density were not uncommon during this study, and it is 
reasonably possible that the low cercariae density observed during 
this sampling event is caused by sampling error and coincidentally 
occurred following the flood event. 
Although the Comal River experienced several flooding events 
during this study, we believe that it is unlikely that they caused the 
overall decline of cercariae density. Individual sites had tempo-
rary declines in cercariae density of varying intensities after 
Liberty Avenue (LA) Elizabeth Avenue (EA) 
Cercarial counts Cercarial counts 
Range Total Mean N Range Total Mean 
10-21 169 3.07 12 22--44 382 6.37 
8-16 134 2.44 12 26-55 500 8.33 
6-49 244 4.44 12 19-97 536 8.93 
9-39 201 3.65 12 34-85 739 12.32 
13-47 261 4.75 12 21-68 589 9.82 
12-42 274 4.98 12 19-93 663 11.05 
6-65 407 7.40 12 42-99 848 14.13 
10-38 222 4.04 12 44-80 693 11.55 
8-303 513 9.33 12 28-62 530 8.83 
7-41 193 1.40 12 10-48 352 5.87 
9-66 326 5.93 12 20-46 362 6.03 
11-73 402 7.31 12 16-71 429 7.15 
7--44 227 4.13 12 31-63 519 8.65 
5-42 167 3.04 12 15-40 311 5.18 
3-72 244 4.44 12 16-44 361 6.02 
13-109 381 6.93 12 21-65 480 8.00 
7-78 287 5.22 12 10-35 217 3.62 
4-20 116 2.11 12 7-23 188 3.13 
4-77 245 4.45 12 5-16 129 2.15 
2-43 443 8.05 12 5-34 190 3.17 
3-24 133 2.42 12 1-28 213 3.55 
6-32 157 2.85 12 4-10 82 1.37 
1.38 ± 0.17 7.06 ± 0.74 
floods, but densities would rebound relatively quickly following 
the event. This rebound in cercariae densities following flooding 
events, combined with the stable nature of the other abiotic factors 
monitored in this study, lead us to speculate that the fluctuations in 
cercariae density were likely caused by some biotic factor. 
Through this study, we may have observed the decline in 
population following a period of exponential growth, which Sakai 
et aI. (2001) indicate as common for invasive species after they 
spread into new habitats. Following its introduction to Texas in 
1960s, the snail could have potentially experienced this period of 
exponential population growth as it spread into suitable habitats 
throughout the Comal River. By the time the parasite was 
introduced in the 1990s, it had an existing snail population to 
infect, which aided in its invasion of the system. Centro cestus 
formosanus potentially then displayed the same population 
growth pattern observed in other invasive species, leading to 
high levels of C. formosanus cercariae. When researchers first 
observed the parasite infecting the gill tissues of the fountain 
darter (Mitchell et aI., 2000), we believe it is possible that C. 
formosanus was either reaching or at its peak, and the parasite has 
been in slow decline since this time. Unfortunately, there are no 
parasite monitoring data available from 1996 to 2006, so we are 
unable to verify these potential changes in population growth 
during this period. Additionally, although M. tuberculatus were 
observed at each site throughout the study, snail density data was 
not collected as changes in physical habitat characteristics were 
the focus of this study. Further study would be required to 
determine if fluctuations in snail densities are causing declines in 
parasite density in the water column. 
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TABLE II. Centrocestus formosanus cercariae collected at 3 sites in the Comal River, Texas, July 2009-July 20 I O. N = number of filters used during the 
particular sampling event; range = C. formosanus cercariae/5 L sample; total = total cercariae collected during the particular sampling event; mean = C. 
formosanus cercariae/L. 
Houston Street (HS) Liberty Avenue (LA) Elizabeth Avenue (EA) 
Cercariae counts 
Date N Range Total Mean N Range 
6 July 2009 12 0-20 
7 July 2009 12 0--13 38 0.63 
21 July 2009 12 4-21 
3 Aug 2009 12 0-17 52 0.87 
4 Aug 2009 12 3-26 
17 Aug 2009 12 0--14 52 0.87 
18 Aug 2009 12 2-13 
31 Aug 2009 12 0--13 51 0.85 
1 Sept 2009 12 3-16 
14 Sept 2009 12 0-11 23 0.38 
15 Sept 2009 12 1-16 
28 Sept 2009 12 0-4 25 0.42 
29 Sept 2009 12 7-29 
4 Nov 2009 12 0-5 19 0.32 12 2-15 
6 Nov 2009 
14 Dec 2009 12 0-4 5 0.08 12 0--8 
27 Jan 2010 12 0-2 14 0.23 12 0--14 
25 Feb 2010 12 0-3 27 0.45 12 1-7 
25 Mar 2010 12 0-4 19 0.32 12 0-19 
21 Apr 2010 12 0-4 21 0.35 12 3-12 
26 May 2010 12 0-3 18 0.30 12 2-14 
22 June 2010 12 0--3 13 0.22 12 0-2 
23 July 2010 12 0-3 12 0.20 12 0-4 
0.08 ± 0.87 
Centrocestus formosanus cause serious damage to the gill 
arches of E. fonticola (Mitchell et aI., 2000; Mitchell et aI., 
2002). The trematode causes an unusual inflammatory response 
in infected gill arches that lead to cartilaginous encapsulation of 
the cercariae. Increasing densities of cercariae encapsulations can 
lead to the destruction of the normal gill architecture and inhi-
bit respiratory functions (Mitchell et aI., 2000). The inhibited 
respiratory function can lead to increased mortality of heavily 
infected individuals. 
Theoretically, a decline in cercariae density will lead to 
decreased infection pressure on fountain darters in the Comal 
River and a lower threat to the population's survival. However, 
we are unable to determine the exact implications of this decline 
without fully understanding its cause. If the decline in density is 
the result of a natural invasion process, the parasite will exist in 
the ecosystem at moderate to low densities and not pose a grave 
threat to the fish population. 
Ultimately, maintaining low levels of infection pressure is vital 
to the continued existence of the fountain darter in the Comal 
River. Unfortunately, recreational activities, behavioral charac-
teristics of M. tuberculatus, and the Comal River's proximity 
to other invaded rivers make the elimination of the parasite 
practically impossible. At best, managers can hope to maintain 
the parasite at levels that do not threaten the continued survival of 
the fountain darter. Understanding the causes of this decline can 
allow managers to predict what will happen to cercariae densities 
in the future and allow them to implement policies that will help 
them maintain low parasite densities. Unfortunately, uncertainty 
Cercariae counts Cercariae counts 
Total Mean N Range Total Mean 
92 1.53 
12 7-27 207 3.45 
127 2.12 12 6-22 155 2.58 
12 4-22 183 3.05 
159 2.65 
12 11-34 254 4.23 
82 1.37 
12 5-18 153 2.55 
80 1.33 
12 7-20 143 2.38 
101 1.68 
12 6-26 208 3.47 
153 2.55 
77 1.28 
12 6-12 111 1.85 
43 0.72 12 3-28 185 3.08 
88 1.47 12 4-19 118 1.97 
40 0.67 12 4-17 123 2.05 
80 1.33 12 3-13 109 1.82 
87 1.45 12 12-26 244 4.07 
82 1.37 14 7-24 209 2.99 
5 0.08 12 4-25 147 2.45 
24 0.40 12 4-15 125 2.08 
0.08 ± 2.65 2.75 ± 0.19 
regarding future water usage will complicate the development of 
C. formosanus and M. tuberculatus management plans. 
Decreased stream discharge is likely to become more frequent 
as droughts and demand for water from the Edwards Aquifer 
increase in the future. These changes in stream discharge could 
potentially affect this decline in cercariae density as snail 
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FIGURE 2. Plots of cercarial densities from 5 L water samples collected 
at 3 sites (HS, LA, and EA) on the Comal River, Texas, between June 
2006 and July 2010. Correlation between cercarial density (Centrocestus 
formosanus cercariae) and date: HS: y = 28.929-8.492E-9x, r2 = 0.239; 
P = 0.0018; LA: y = 113.68-3.358E-8s, r2 = 0.505 P < 0.0001; and EA: 
y = 166.327-4.899E-8x, r2 = 0.495, P < 0.0001. 
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populations adapt to changing microhabitats in the system. 
Microhabitats with M. tuberculatus could disappear as stream 
flows change. Simultaneously, new microhabitats could form 
and become inhabited by new populations of the invasive snail. 
Depending on the ratio of microhabitat creation versus the level 
of microhabitat loss, overall abundances of M. tuberculatus could 
increase or decrease in the Comal River. These changes in snail 
abundance would likely affect the number of C. formosanus 
cercariae found in the system. Future monitoring efforts should 
document these potential changes in localized snail density and 
overall snail abundances. 
In addition to potential changes in snail densities, very low 
flows and zero flow conditions would reduce the removal rate of 
parasites released into the water column of Landa Lake, causing 
the numbers of parasites in the lake to increase. Increasing 
densities of cercariae in the water column would increase infection 
pressure on the fountain darter and, in addition to the compound-
ing abiotic factors of increased water temperature and decreased 
dissolved oxygen, could potentially cause major impacts to the 
fountain darter population. 
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PARASITES OF FISHES IN THE COLORADO RIVER AND SELECTED TRIBUTARIES IN 
GRAND CANYON, ARIZONA 
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Mauritz Sternert 
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ABSTRACT: As part of the endangered humpback chub (HBC; Gila cypha) Adaptive Management Program, a parasite survey was 
conducted from 28 June to 17 July 2006 in 8 tributaries and 7 adjacent sections of the main stem of the Colorado River, U,S,A. In total, 717 
fish were caught, including 24 HBC. Field necropsies yielded 19 parasite species, 5 of which (Achtheres sp" Kathlaniidae gen. sp., 
Caryophyllaidae gen. sp" Myxidium sp., and Octomacrum sp,) are new records for Grand Canyon, Arizona, U.S.A. Spearman's correlation 
coefficient analyses showed no correlations between parasite burden and fork length for various combinations of fish and parasite species. 
Regression analyses suggest that no parasite species had a strong effect on fish length. The most diverse parasite community (n = 14) was at 
river kilometer (Rkm) 230, near the confluence of Kanab Creek. The most diverse parasite infracommunity (n = 12) was found in the non-
native channel catfish (CCF; lctaluris punctatus). Overall parasite prevalence was highest in CCF (85%) followed by that in HBC (58%). The 
parasite fauna of humpback chub was mainly composed of Bothriocephalus acheilognathi and Ornithodiplostomum sp, metacercariae, 
The Colorado River (COR) in Grand Canyon, U.S.A., and its 
biota have been dramatically changed by the completion of Glen 
Canyon Dam (GCD) in 1963 (National Academy of Sciences, 
1991). Before 1963, temperature, discharge, and turbidity of the 
COR varied seasonally. After 1963, seasonal flow rates and 
temperature were stabilized, daily flow rates became more 
variable, and turbidity decreased, 
Coinciding with the closing of GCD, 5 species of native 
Colorado River fish were declared federally endangered or 
threatened (USFWS, 2003), Today, among approximately 20 
non-native fishes, only 4 of the original 8 native species remain, i.e., 
bluehead sucker (BHS; Catostomus discobolus), flannelmouth 
sucker (FMS; Catostomus latipinnis), speckled dace (SPD; Rhi-
nichthys osculus), and humpback chub (HBC; Gila cypha, which is 
federally endangered (http://endangered,fws,gov/federalregister/ 
index.html). HBC is the only extant species of those originally 
listed, and it can be found in 6 populations throughout the span of 
the COR. The largest extant population ofHBC is found within the 
lower COR in and near the confluence of the Little Colorado River 
(LCR) in Grand Canyon. Above GCD in the upper COR, HBC is 
found in 5 smaller, distinct populations at Black Rocks, Westwater 
Canyon, Cataract Canyon, Desolation/Gray Canyons, and Yampa 
Canyon (USFWS, 1990), Due to perennially cold, clear water in the 
COR, native fish in Grand Canyon now successfully recruit 
primarily in tributaries of the COR (Valdez and Ryel, 1995; 
AGFD, 1996), of which the LCR is the largest and the main 
spawning area for all native species (AGFD, 1996; USFWS, 2006), 
Introductions of non-native fishes and their parasites also are 
implicated in the declining numbers of humpback chub (Meretsky et 
al., 2000). At least 14 exotic non-native parasites are known to infect 
native fishes of Grand Canyon, although the only extensive survey has 
been in only the lower 18 km of the LCR (Choudhury et al., 2004). 
Three of these parasites, Asian fish tapeworm, Bothriocephalus 
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acheilognathi (Cestoda); anchor worm, Lernaea cyprinacea (Copepo-
da); and Ornithodiplostomum sp. (Trematoda), are particularly 
worrisome, because they are pathogenic and infect HBC with a 
greater intensity than any other fish in the system (Brouder and 
Hoffnagle, 1997; Hoffnagle and Cole, 1998; Choudhury et al., 2004). 
Larvae of Ornithodiplostomum sp" when found encysted in the brain 
of fish, were shown to alter behavior and increase mortality 
(Radabaugh, 1980; Sho and Goater, 2001). The definitive hosts of 
various Ornithodiplostomum sp. are piscivorous birds (Hoffman, 1999; 
Woo, 2006). Both B. acheilognathi and L. cyprinacea, which use fish as 
the defmitive hosts, have been reported as pathogenic and potentially 
fatal (directly or indirectly) to fish of various age classes (Schiipper-
claus, 1986; Hoffnag1e et al., 2006). Previous fish parasite studies have 
been limited to a particular species or sampling area (Carothers et al., 
1981; Hoffnagle and Landye, 1998; Choudhury et al., 2004). 
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To facilitate native fish recruitment, a proposal for the installation 
of structural modifications (temperature control devices) on GCD is 
being considered (USBR, 2004). Such a device would attempt to 
raise main-stem COR temperatures. If water temperature in the 
main stem increases, it is possible that parasite species that can 
complete their life cycles only in tributaries due to the warmer 
tributary water temperatures could establish in the main stem, 
As a result of these concerns, we conducted a parasite survey of 
native and non-native fishes in the 7 major tributaries and selected 
reaches of the main stem of the COR in Grand Canyon, known to 
be important to native fishes. The main objective of the study was 
to document parasite prevalence and distribution in the COR 
locations important to native fishes so that parasites that are 
reproducing in the tributaries could be documented and the 
potential ramifications of parasite movement into the main stem 
could be evaluated. 
MATERIALS AND METHODS 
Study area 
The study area includes 7 tributaries and 7 adjacent main-stem COR 
sections in a 362-km stretch from Lees Ferry (Rkm 0) to Diamond Creek 
(Rkm 362) (Fig. 1; Table I). The main-stem COR was sampled at Rkm 98, 
138, 174, 230, 254, 319, and 362; tributaries in proximity to those main-
stem sections are the Little Colorado River (LCR), Bright Angel Creek 
(BAC), Shinomu Creek above (SHOA) and below (SHOB) the falls, 
Kanab Creek (KAN), Havasu Creek above (HA V A) and below the falls 
(HA VB), and Diamond Creek (DIA). With the exception of the Paria 
River (PAR), every main stem section was sampled within 2 km, both 
upstream and downstream from the associated tributary confluence. 
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FIGURE I. Colorado River sites and selected tributaries (along with abbreviations) within Grand Canyon National Park, Arizona, U.S.A., where 
native and non-native fish were sampled for parasites. *-A, above falls; -B, below falls. 
Collection of fish 
The parasite survey was conducted over a 19-day period from 28 June to 17 
July 2006 (Table I). Fish were collected using a combination of electro-
shocking (boat and backpack), seining, minnow trapping, hoop netting, and 
angling. Collected fish were kept alive in aerated buckets or live wells in the 
COR until they were killed with an overdose of tricaine methanesulfonate 
(MS-222) and necropsied within 24 hr of capture. A target sample of 15 fish 
of each species per site was planned; however, this goal was not always 
realized at each site due to limitations on catch success or available necropsy 
time. Because they are an endangered species, HBC collections were limited 
by the collection permit to no more than 50 individuals, with the stipulation 
that each fish must be <150 mm in total length. 
Necropsy and parasite collection 
Necropsy of fish and collection of parasites followed the methods in 
Choudhury et al. (2004). External surfaces, including the eyes, nares, all 
internal organs, and a fillet of musculature, were examined for parasites. 
One to 2 blood smears were collected, air-dried, fixed in 100% methanol, 
and transported to the National Wildlife Health Center (NWHC) for 
Giemsa staining and examination. Parasite samples were preserved in 70% 
ethanol and transported to NWHC for identification and enumeration. 
Parasites were identified using Hoffman (1999), Schell (1985), Anderson 
et al. (1974), and NWHC museum specimens for comparison. 
Statistical analyses 
The terms abundance, intensity, and prevalence follow definitions in 
Bush et al. (1997), the term infracommunity follows the definition in Sousa 
(1994), and the terms richness and diversity follow use in Magurran (1988) 
and Peet (1974). The term alpha diversity pertains to the raw number of 
parasite species at a given location or within a host. Regression analyses 
and Spearman's correlation coefficient were used to examine relationships 
between fish fork length and gut-helminth species richness, total parasite 
burden, and individual parasite burden, e.g., B. acheilognathi. Results of 
all tests were considered significant at P < 0.05. 
RESULTS 
Fish 
In total, 717 fish of 12 species (4 native, 8 non-native) were 
sampled. The variety of collection methods provided size class 
and fish species diversity (Table II); however, because of gear 
selectivity, no fish under a total length of 51 mrn were collected. 
Native species FMS (n = 179), BHS (n = 106), and SPD (n = 
176) comprised 64% of total fish sampled (Table II). Non-native 
fishes accounted for 32% of the total fish sampled. The main-stem 
(COR sites) yielded 51 % of the total fish necropsied. Most of the 
fish examined were collected from the main stem as opposed to 
the tributaries, i.e., FMS (62%); rainbow trout (RBT; Oncorhyn-
chus mykiss) (70%); fathead minnow (FHM; Pimephales prome-
las) (70%); common carp (CRP; Cyprinus carpio) (79%); CCF 
(95%); striped bass (STB; Morone saxatilis) (100%); green sunfish 
(GSF; Lepomis cyan elias) (100%; only I individual was sampled); 
and brown trout (BNT; Salmo trutta) (100%). The only fish 
species not found in the main-stem COR was plains killifish 
(PKF; Fundulus zebrinus); however, only 4 individuals were 
sampled and all were from the LCR. All HBC (n = 24), except I, 
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TABLE I. Date; river kilometer; and river or tributary where fish sampling occurred in Grand Canyon, 2006, including quantity of fish sampled for each 
species at each location. 
Native fishest Non-native fishest 
Day Rkm* Site BHS FMS HBC SPD BNT CCF CRP FHM GSF PKF RBT STB 
29 June Paria River (PAR) 6 19 20 
30 June 98 Little Colorado River (LCR) 6 14 20 6 14 3 4 
Colorado River (COR98) 25 25 3 2 22 2 
3 July 138 Bright Angel Creek (BAC) 9 8 12 13 
Colorado River (COR138) 7 11 3 3 4 12 
5 July 174 Shinumo Creek above falls (SHOA) 14 22 
Shinumo Creek above falls (SHOB) 5 18 17 1 3 
Colorado River (CORI74) 6 11 13 2 
8 July 230 Kanab Creek (KAN) 4 3 10 2 17 
Colorado River (COR230) 2 19 3 12 9 13 5 
11 July 254 Havasu Creek above falls (HA VA) 14 19 
Havasu Creek above falls (HA VB) 4 5 15 1 
Colorado River (COR254) 13 2 14 4 
13 July 319 Colorado River (COR3l9) 2 20 17 4 12 15 1 
15 July 362 Diamond Creek (DIA) 18 
Colorado River (COR362) 2 13 13 2 4 14 
• Rkm, river kilometer. 
t BHS, bluehead sucker; FMS, flannelmouth sucker; HBC, humpback chub; SPD, speckled dace; CCF, channel catfish; CRP, carp; FHM, fathead minnow; PKF, plains 
killifish; GSF, green sunfish; RBT, rainbow trout; BNT, brown trout; STB, striped bass. 
were caught in the LCR (n = 20), or at the associated main-stem 
section (COR98; n = 3). 
Parasites 
In total, 19 parasite species were recorded. Nine of these were 
found in 1 host species only. Fourteen of the 17 metazoan parasites 
were found as adults. Three parasite species, i.e., 2 trematodes, 
Ornithodiplostomum sp. and Posthodiplostomum sp., and 1 nema-
tode, Contracaecum sp., mature in piscivorous birds and were 
found only as immature stages (larvae or juveniles). Voucher 
specimens of the following species were deposited in the Harold W. 
Manter Laboratory (HWML) collection, University of Nebraska, 
Lincoln, Nebraska: Octomacrum sp. (HWML P-2009-0l6-49l48), 
Ligictaluridus floridanus (HWML P-2009-0l6-49149), Dactylo-
gyrus sp. (HWML P-2009-0l6-49150), B. acheilognathi (HWML 
P-2009-0l6-49l42), Corallobothrium Jimbriatum (HWML P-2009-
016-49144), Megathylacoides giganteum (HWML P-2009-0l6-
49143), Caryophyllaeidae gen. sp. (HWML P-2009-0 1 6-49 145), 
Posthodiplostomum sp. (HWML P-2009-0l6-49l47), Ornithodiplos-
tomum sp. (HWML P-2009-0l6-49l46), Rhabdochona sp. (HWML 
P-2009-0l6-635l8), Truttaedacnitis truttae (HWML P-2009-0l6-
63521), Contracaecum sp. (HWML P-2009-016-635l9), Kathlanii-
dae gen. sp. (HWML P-2009-0l6-63520), Myxidium sp. (HWML 
P-2009-0l6-63522), Henneguya exilis (HWML P-2009-0l6-63523), 
Myzobdella lugubris (HWML P-2009-016-49l54), Lernaea cypri-
nacea (HWML P-2009-0l6-49151), Ergasilus sp. (HWML P-2009-
016-49153), and Achtheres sp. (HWML P-2009-0l6-49152). 
Native fishes harbored only 7 parasite species, compared with 
non-native hosts that harbored 18 species of parasites (Table-
s III, IV). Of the native fishes, FMS and SPD had the richest 
parasite community, with 5 species of parasites; HBC had 4 
species; and BHS had only 3 species of parasites (Table III). Of the 
non-native fishes, CCF had the greatest parasite richness with 12 
species, followed by FHM with 5 (Table III). Mean parasite species 
richness varied from a high of 1.6 ± 0.99 (0--4) in the non-native 
CCF to a low of 0.05 ± 0.21 (0-1) in the native BHS. HBC and 
CCF had the highest parasite prevalence (58 and 85%, respectively) 
of native and non-native fishes (Tables III, IV). PKF had a high 
prevalence (75%) of infection, but only 4 individuals were sampled 
and 3 were infected with B. acheilognathi. 
Parasite species diversity varied across sites; all sites were found 
to have unique communities of parasites, with the exceptions of 
those sites with 2 species of parasites or less. Parasite alpha 
diversity (n = 13) was greatest at Rkm 230. The highest overall 
parasite prevalence (54%) was found at HA V A (Fig. 2). Three 
(RBT, FHM, and FMS) of 8 fish species collected at Rkm 91 were 
parasitized (Table V). Five fish species, BHS (n = 25), SPD (n = 
1), HBC (n = 3), CRP (n = 2), and RBT (n = 2), were not 
parasitized at this site. 
Five (FHM, SPD, HBC, PKF, and CRP) of 7 species of fish 
from the LCR were parasitized (Table V); BHS (n = 6) and FMS 
(n = 14) were not. PKF, all juvenile and less than 75 mm in total 
length, were only collected from the LCR. 
Twenty-six of 40 fish belonging to 3 species (RBT, FMS, and 
SPD) that were taken from Rkm 138 were parasitized (Table V). 
Three fish species, BHS (n = 7), CRP (n = 4), and BNT (n = 3), 
were among the 14 non-parasitized fish. 
Four species of fish (SPD, n = 12; BHS, n = 9; FMS, n = 8; 
RBT, n = 13) were examined from BAC; only SPD were 
parasitized (Table V). 
Three (RBT, CRP, and FMS) of 5 fish species examined at 
Rkm 174 were parasitized (Table V). The 2 fish species not found 
to be parasitized were BHS (n = 6) and BNT (n = 1). 
Five fish species were examined at Shinumo Creek; fewer fish 
species were sampled from above the falls at Shinumo Creek 
(SHOA, n = 2) than below the falls (SHOB, n = 5). Only 2 species 
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TABLE II. Total number necropsied, fork length, and weight of native and non-native fishes sampled from the Colorado River and selected tributaries in 
Grand Canyon, 2006. * 
Fish species n Fork length (mm) Weight (g) 
Native 
Bluehead sucker (BHS; Catostomus discobolus) 106 139.63 ± 85.63 (34-372) 67.89 ± 104.51 (0.3-725) 
Flannelmouth sucker (FMS; Catostomus latipinnis) 179 158.8 ± 131.05 (25-535) 156.85 ± 282.56 (0.2-1,604) 
Speckled dace (SPD; Rhynichthys osculus) 176 58.44 ± 45.91 (28-106) 2.44 ± 2.24 (0.1-12.1) 
Humpback chub (HBC; Gila cypha) 24 82.67 ± 28.5 (39-136) 7.87 ± 7.13 (0.6-28.4) 
Non-native 
Channel catfish (CCF; Ictalurus punctatus) 20 367.29 ± 46.91 (280-450) 645.04 ± 251.06 (224-1,131.5) 
Common carp (CRP; Cyprinus carpio) 72 313 ± 184.65 (29-550) 1099.81 ± 1,080.61 (0.4-3,128) 
Fathead minnow (FHM; Pimephales promelas) 77 48.31 ± 8.33 (33-70) 1.44 ± 0.88 (0.3-4.5) 
Plains killifish (PKF; Fundulus zebrinus) 4 56.75 ± 14.59 (44-75) 2.08 ± 1.58 (0.8-4.3) 
Green sunfish (GSF; Lepomis cyanellus) I 172 ± 0 172 11 ± 0 0 
Rainbow trout (RBT; Oncorhynchus mykiss) 40 164.73 ± 98.8 (9-420) 134.27 ± 205.6 (4.4-872.5) 
Brown trout (BNT; Salmo trutta) 4 379.5 ± 104.05 (283-525) 879.38 ± 784.33 (250.5-2,020.5) 
Striped bass (STB; Morone saxatilis) 14 278.86 ± 23.78 (250-320) 213.51 ± 51.05 (156-320) 
* All measurements are mean ± SO. Minimum-maximum values are given in parentheses. 
of parasites (Rhabdochona sp. and B. acheilognathi) were found, 
and the prevalence of Rhabdochona sp. infection in SPD was 
65.4% less above the falls (Table V). 
The fish sampled from Rkm 230 had the most diverse parasite 
community. In total, 13 species of parasites were collected from 5 
(FMS, SPD, CRP, CCF, and FHM) of the 8 species of fish 
examined. (Table V). The highest prevalence of L. floridanus 
infections (0.45) was found here (in CCF), with I CCF harboring 
473 monogenes on its hyperplasiac gills. Two species of protozoans, 
cestodes, and nematodes were found in CCF: Henneguya sp. and 
Myxidiwn sp.; M giganteum and C. fimbriatum; and Rhabdochona 
sp. and larval Contracaecum sp., respectively, and all had a similar 
prevalence of 0.09, with the exception of M. giganteum (0.18) 
(Table V). Two CCF were infested with M lugubris (0.18). One 
individual CCF was infected with Ergasilus sp. and another with 
Achtheres sp. The FMS cohort had 4 parasite species; I Caryo-
phyllaeidae gen. sp. cestode was found in the stomach of a mature 
FMS (although further identification was impossible due to 
specimen immaturity and poor quality), Rhabdochona sp., Ornitho-
diplostomum sp. in the viscera and kidney, and Octomacrum sp. in 
the gills (Table V). Two infestations of L. cyprinacea and M. lugubris 
were found on FHM (Table V). One CRP was infected with B. 
acheilognathi (Table V), and I SPD was infected with Ornithodi-
plostomum sp. metacercariae in the viscera. The other 3 species of 
fish taken from Rkm 230 that did not have parasites found were 
BHS (n = 2), RBT (n = 5), and GSF (n = I). 
At KAN, 2 species of fish were parasitized. FHM was infected 
with both B. acheilognathi and Ornithodiplostomum sp., and CCF 
TABLE III. Mean ± SD, abundance (minimum-maximum), and overall prevalence, respectively, of parasites from native fishes collected in the Colorado River and 
selected tributaries in Grand Canyon, 2006. Abbreviations: BHS, bluehead sucker; FMS, flannehnouth sucker; SPD, speckled dace; HBC, humpback chub. 
Parasite 
Monogenea 
Octomacrum sp. 
Cestoda 
Bothriocephalus 
acheilognathi 
Caryophyllidea* 
Trematoda 
Ornithodiplostomum sp. (v)t 
Posthodiplostomum sp. 
Nematoda 
Rhabdochona sp.t 
Crustacea 
Lernaea cyprinacea 
Overall prevalence 
BHS (n = 106) 
0.009 ± Q (0-1) (0.009) 
0.3 ± 0 (0--31) (0.006) 
1.2 ± 35.9 (1-102) (0.02) 
0.04 
• New parasite-host record for Grand Canyon. 
t (v), visceral parasite. 
! Data combined for gender and parasite stage of development. 
FMS (n = 179) 
0.2 ± 3.4 (0-10) (0.06) 
0.006 ± 0 (0-1) (0.006 
0.6 ± 67.2 (0-106) (0.01) 
0.06 ± 0.9 (0-3) (0.03) 
0.01 ± 0 (0-1) (0.001) 
0.1 
SPD (n = 176) 
0.006 ± 0 (0-1) (0.006) 
0.07 ± 2 (0-6) (0.03) 
0.3 ± 3.7 (0-14) (0.007) 
0.04 ± (0-) (0.02) 
3.9 ± 17.1 (0--144) (0.07) 
0.07 ± 5.2 (0--10) (0.02) 
0.03 
HBC (n = 24) 
1.8 ± 6.2 (0-20) (0.3) 
4.3 ± 11.3 (0-36) (0.4) 
0.3 ± (0-4) (0.08) 
0.2 ± 0 (0-1) (0.2) 
0.6 
TABLE IV. Mean ± SD, abundance (minimum-maximum), and prevalence, respectively, of parasites from non-native fishes collected in the Colorado River and selected tributaries in Grand 
Canyon, 2006. Abbreviations: CCF, channel catfish; CRP, common carp; FHM, fathead minnow; PKF, plains killifish; RBT, rainbow trout; STB, striped bass. 
Parasite CCF (n = 20) CRP (n = 72) FHM (n = 77) PKF (n = 4) RBT (n = 40) STB (n = 14) 
Myxozoa 
Mixidium sp. * 0.05 ± 0 (0-1) (0.05) 
Henneguya exilis 0.6 ± 2.6 (0-7) (0.2) 
Monogenea 
Octomacrum sp. * 0.1 ± 0 (0-1) (0.1) 
Ligictaluridus jloridanus 54.8 ± 169.5 (0-473) (0.4) 
Dactylogyrus sp. 0.01 ± 0 (0-1) (0.01) 
Cestoda 
Bothriocephalus 0.8 ± 4.7 (0-17) (0.1) 0.2 ± 4.0 16.8 ± 18.2 (0-37) (0.8) 
acheilognathi (0-10) (0.07) 
Corallobothrium fimbria tum 0.7 ± 4.6 (0-10) (0.2) 0.07 ± 0 (0-1) (0.07) 
Megathylacoides giganteum 0.6 ± 2.9 (0-7) (0.2) 
Trematoda 
Ornithodiplostomum sp. (v)t 0.2 ± 5 (0-11) (0.04) 
Posthodiplostomum sp. 0.01 (0.01) 
Nematoda 
Rhabdochona sp.t 0.8 ± 4.9 (0-14) (0.1) 0.05 ± I (0-2) (0.03) 
Contracaecum sp. (larval) 0.9 ± 2.7 (0-8) (0.3) 0.04 ± 0 (0-3) (0.01) 0.2 ± 0 (0-3) (0.07) 
Truttaedacnitis truttaet 0.5 ± 2.3 (0-6) (0.2) 
Kathlaniidae gen. sp. * 0.1 ± 0 (0-2) (0.05) 
Crustacea 
Lernaea cyprinacea 0.08 ± 1.7 (0-4) (0.04) 
Ergasilus sp. 0.2 ± 0 (0-3) (0.05) 
Achtheres sp. * 0.1 ± 0 (0-1) (0.1) 
Hirudinea 
Myzobdella lugubris 0.3 ± 1.4 (0-4) (0.1) 0.03 ± 0 (0-2) (0.01) 
Overall prevalence 0.85 0.17 0.14 0.75 0.18 0.14 
* New parasite-host record. 
t (v), visceral parasite. 
t Data combined for gender and parasite stage of development. 
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FIGURE 2. Number of parasite species and percentage of infected fish examined at each sampling site of the Colorado River and tributaries in Grand 
Canyon, 2006. Site abbreviations: Rkm, river kilometer; PAR, Paria River; LCR, Little Colorado River; SHOA, Shinumo Creek above falls; SHOB, 
Shinumo Creek below falls; BAC, Bright Angel Creek; KAN, Kanab Creek; HAVA, Havasu Creek above falls; HAVB, Havasu Creek below faIls; DIA, 
Diamond Creek. 
was found with Octomacrum sp. in its gills (Table V). The 3 
species of fish that were not parasitized were BHS (n = 4), FMS 
(n = 3), and SPD (n = 10). 
Only 2 native fish species, BHS (n = 14) and SPD (n = 22), 
were sampled in HA VA. Ornithodiplostomum sp. metacercariae 
were found in the viscera and eyes of BHS and in the brain, 
viscera, and kidney of SPD (Table V). The SPD that were 
sampled had the highest observed prevalence of Rhabdochona sp. 
(0.74) of any tributaries sampled. . 
Each of the 4 species offish (FMS, n = 13; CRP, n = 15; CCF, 
n = 2; and RBT, n = 4) necropsied at Rkm 254 was infected with 
at least 1 parasite species (Table V). In RBT, 1 individual was 
infected with T. truttae. In CRP, 1 individual was infected with 
renal-encysted B. acheilognathi and another with juvenile Con-
tracaecum sp., Rhabdochona sp., and Contracaecum sp. were 
found in CCF. In FMS, 1 individual had Rhabdochona sp. in the 
intestines and another had single Octomacrum sp. in the gills. 
Eight species of fish (CRP, n = 12; FHM, n = 15; CCF, n = 4; 
RBT, n = 1; and FMS, n = 20) were necropsied from Rkm 319. 
CRP and FHM were infected by B. acheilognathi, and FHM was 
infected with Posthodiplostomum sp. metacercaria (Table V). The 
lone RBT was infected with T. truttae. One of the FMS was found 
with Octomacrum sp. in its gills. Each of the 4 CCF was infected 
with at least 1 parasite species, i.e., L. floridanus, C. jimbriatum, 
and Contracaecum sp. (Table V). 
Only SPD were sampled at DIA and were infected with B. 
acheilognathi and Rhabdochona sp. (Table V). 
STB were only caught at Rkm 362 and were infected with C. 
jimbriatum and Contracaecum sp. Of the 2 CCF necropsied, 1 was 
infected with M giganteum and another with a potential new 
parasite-host record, Kathlaniidae gen. sp. nematodes. Genus- or 
species-level identification was not possible because only 2 gravid 
female worms were recovered. Three species of fish (BHS, n = 2; 
FMS, n = 13; and SPD, n = 13) were found to be parasite free at 
Rkm 362. 
No parasites were recovered from fish (n = 45) sampled from 
the PAR. 
Statistical analyses 
Spearman correlation analyses showed that fork length of CRP 
was not significantly associated with B. acheilognathi worm 
burdens (P > 0.05; -0.56), gut helminth richness (P > 0.05; 
-0.56), or total parasite burden (P > 0.05; -0.51). No correlation 
was observed between fork length of HBC and gut-helminth 
species richness (P > 0.05; -0.39). 
Parasite species richness was not significantly correlated with 
fork length in FMS (p => 0.05; 0.37), RBT (P = 0.31), or SPD 
(P = 0.49). Gut-helminth species richness was found not to be 
correlated with fork length in FMS (P > 0.05; = 0.24) and SPD 
(P > 0.05; = 0.44). 
Residual (R2) regression analyses were conducted to examine 
intensities of each individual parasite species versus fork length. 
Parasitic infection(s) did not strongly influence fork length 
(maximum R2 = 0.03). 
DISCUSSION 
Five of the 19 reported parasite species in this study are new 
records for Grand Canyon (Tables III, IV, V) and include both 
ectoparasites (Octomacrum sp. and Achtheres sp.) and endopar-
asites (Kathlaniidae gen. sp., Caryophyllaeidae gen. sp., and 
Myxidium sp.). Only CCF were infected with Achtheres sp. 
Achtheres sp. has been reported in CCF from other river systems 
(Hoffman, 1999) but not from Grand Canyon. The monogenean 
Octomacrum sp. was the only new parasite record that was found 
at more than 1 sampling site (SHOA, BAC, Rkm 174, Rkm 230, 
Rkm 254, and Rkm 319). The difference between the locations 
where these 2 parasites were found can be attributed to the hosts 
present. Thus, Achtheres sp. is host specific for fish in the same 
family; in contrast, Octomacrum sp. is capable of infecting several 
species (which were found at more than 2 sample sites), but it is 
primarily a catostomid parasite. The presence of Kathlaniidae 
gen. sp. in CCF represents a new host-parasite relationship. 
Typically, kathlaniid nematodes infect turtles and amphibians 
(Yamaguti, 1961). The presence of the 2 gravid kathlaniids 
suggests that CCF is either acting as definitive host or as a 
postcyclic host (from feeding on definitive hosts such as 
amphibians). The caryophyllaeid cestode found in the stomach 
of an FMS is not surprising given how common and widespread 
these cestodes are in suckers (Hoffman, 1999). 
The other 14 parasite species have been previously reported 
from the LCR and other sites downstream in Grand Canyon 
(Carothers et aI., 1981; Brouder and Hoffnagle, 1997; Clarkson 
et aI., 1997; Hoffnagle and Cole, 1998; Choudhury et aI., 2004). 
During a seasonal2-yr study of the LCR, Choudhury et ai. (2004) 
reported 17 parasite species from 1,435 fish necropsied; native 
fishes in the LCR had 11 parasite species compared with the 17 
parasites found in non-native fishes. The study of Choudhury 
et ai. (2004) and the present report differ in 2 major respects. 
Here, we looked at a broad geographic area over a short time, 
whereas Choudhury et ai. (2004) examined a relatively small area 
over an extended period. We surveyed Grand Canyon fish 
parasite fauna from 29 June to 17 July 2006 in major tributaries 
and associated sections of the main stem COR from the PAR to 
Rkm 362 within Grand Canyon. In comparison, Choudhury et ai. 
(2004) conducted 6, independent, multiple-day sampling trips 
during spring, summer, and fall between 1999 and 2001, but they 
restricted their survey to reaches of the LCR and its tributaries, 
below Chute Falls, in Grand Canyon. Choudhury et ai. (2004) 
also sampled more fish from each sampling location. 
The 3 parasites known to be of major concern for native fish 
health in Grand Canyon system are B. acheilognathi, L. 
cyprinacea, and Ornithodiplostomum sp. These are of particular 
concern in the federally endangered HBC (Brouder and Hoffna-
gle, 1997; Choudhury et aI., 2004). 
In the present study, B. acheilognathi was found at 7 sites 
(including 4 tributaries) from a total of 5 fishes (SPD, HBC, CRP, 
FHM, and PKF), with overall prevalence of infection ranging 
from 3% in SPD to 40% in HBC, which was the highest for native 
fish (Tables III, IV, V). Low host specificity is a known 
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characteristic of B. acheilognathi. Choudhury et ai. (2004) 
reported that B. acheilognathi infected all species of fish sampled 
(although it had a clear predilection for cyprinids, being most 
abundant in them, and with 84% of all worms found in HBC 
alone). In contrast, Dove and Fletcher's (2000) study of 
Australian fishes suggested that although native fish were 
infected, CRP had to be present for the parasite to continue in 
the system. In contrast, it seems certain that B. acheilognathi 
could easily persist in Grand Canyon without CRP; the tapeworm 
was probably introduced into this system from introduced and 
infected cyprinids (bait fish, or carp, or both) from the upper 
LCR watershed. Stone et ai. (2007) suggest that such introduc-
tions will probably continue. Not counting PKF, which had a 
0.75 prevalence of B. acheilognathi, due to small sample size (n = 
4), prevalence of B. acheilognathi for the present study was highest 
in non-native fish (CRP, 0.45). Choudhury et ai. (2004) reported 
highest prevalence for B. acheilognathi in native fish, with 84% of 
HBC (n = 116) infected with this tapeworm. In the present study, 
B. acheilognathi occurred with a 40% prevalence in HBC (n = 20). 
Bothriocephalus acheilognathi, in particular, has caused high 
mortality in native fishes that it has infected outside of its native 
range (Hoffman and Schubert, 1984; Dove, 1998). Recently 
Hansen et ai. (2006) documented that bony tail chub, Gila elegans, 
experimentally infected with B. acheilognathi, exhibited reduced 
growth and higher mortality under conditions of reduced food 
consumption. Bothriocephalus acheilognathi cannot complete its 
life cycle in the main stem of the COR under present cold-water 
conditions. However, it can be transported by infected individuals 
to other suitable tributaries, such as KAN. In addition, the main 
stem may become suitable if its waters are warmed due to GCD 
management activities (USBR, 2004) or simply by sufficiently low 
water levels in Lake Powell (USBR, 2009). Due to the current low 
level of water in Lake Powell, water released from Glen Canyon 
Dam has been the warmest since 1971, approximately 6 C above 
the 12-yr average (Vernieu, 2005). 
Choudhury et ai. (2004) documented low (l %) prevalence of 
L. cyprinacea in HBC from the lower 18 km of the LCR, whereas 
the present study found 20% of all HBC infected with the anchor 
worm, similar to the results of Hoffnagle et al. (2006) who found 
that 22% of the HBC in the LCR were infested by L. cyprinacea 
and 3.5% of Colorado River HBC were infested. The life cycle of 
L. cyprinacea involves direct attachment and penetration by free-
swimming, planktonic juveniles to establish on their hosts, and 
the warm slower moving backwaters of the lower reaches of the 
LCR are more suited for this life cycle. Several factors could be 
at play in the apparent increase in prevalence of L. cyprinacea-
infected fish in the LCR. Choudhury et al. (2004) sampled some 
sites further upstream in the LCR where there are fewer 
backwater areas than the present study. In addition, the present 
study was conducted in the summer, whereas Choudhury et al. 
(2004) sampled across 3 seasons. Different reaches of the LCR 
have varied shore configurations and backwater areas that 
probably harbor different parasite faunas, varied infracommu-
nity patterns, or both. The variation in parasite communities can 
be easily exacerbated by seasonal environmental effects, i.e., 
flooding. Seasonal flooding before the Choudhury et ai. (2004) 
sampling probably reduced the number L. cyprinacea in the 
LCR. Hoffnagle et ai. (2006) noted that abundance of L. 
cyprinacea in the lower 3 km of the LCR was high in the first 2 yr 
of their study, which followed dry winters and springs, and that 
124 THE JOURNAL OF PARASITOLOGY, VOL. 98, NO.1, FEBRUARY 2012 
TABLE V. Number of fish and their parasites (n, prevalence) from all fishes collected in the Colorado River and selected tributaries in Grand 
Canyon, 2006. * 
Parasite 
Cestoda 
Bothriocephalus 
acheilognathi 
Megathylacoides 
giganteum 
Caryophyllaeidae gen. sp. 
Nematoda 
Rhabdochona sp. 
Contracaecum sp. 
Truttaedacnitis truttae 
Kathlanaiidae gen. sp. 
Trematoda 
Ornithodiplostomum sp. 
Posthodiplostomum sp. 
Ligictaluridus floridanus 
Octomacrum sp. 
Dactylogyrus sp. 
Crustacea 
Ergasilus sp. 
Lernaea cyprinacea 
Hirudenia 
Myzobdella lugubris 
Protozoa 
Mixidium sp. 
Henneguya exilis 
BHS 
HAVA (15, 0.067) 
HAVA (15, 0.067) 
Native fish species 
FMS 
Rkm 230 (19, 0.053) 
Rkm 174 (11, 0.09) 
Rkm 230 (19, 0.053) 
HA VB (5, 0.6) 
Rkm 254 (13, 0.077) 
Rkm 230 (19, 0.16) 
Rkm 174 (II, 0.09) 
Rkm 254 (13, 0.077) 
Rkm 319 (20, 0.05) 
Rkm 91 (25, 0.04) 
Rkm 138 (11, 0.09) 
SPD 
LCR (6, 0.33) 
Rkmt 230 (9, 0.11) 
DIA (18, 0.17) 
BAC (12, 0.92) 
Rkm 138 (3, 0.67) 
SHOA (22, 0.045) 
SHOB (16, 0.13) 
HAVA (19, 0.74) 
HAVB (15,0.33) 
DIA (18, 0.11) 
LCR (6, 0.33) 
HAVA (19, 0.26) 
Rkm 230 (3, 0.33) 
HAVA (19, 0.16) 
LCR (6, 0.33) 
HBC 
LCR (20, 004) 
LCR (20, 0045) 
LCR (20, 0.1) 
LCR (20, 0.2) 
* Native and non-native fish species abbreviations: BHS, bluehead sucker; FMS, flannelmouth sucker; SPD, speckled dace; HBC, humpback chub; PKF, plains killifish; 
CRP, common carp; CCF, channel catfish; RBT, rainbow trout; BNT, brown trout; FHM, fathead minnow; STB, stripped bass; GSF, green sunfish (GSF). Site 
abbreviations: LCR, Little Colorado River; BAC, Bright Angel Creek; SHOA, Shinumo Creek above falls; SHOB, Shinumo Creek below falls; KAN, Kanab Creek; 
HA VA, Havasu Creek above falls (HA VA); HA VB, Havasu Creek below falls; DIA, Diamond Creek. 
t Rkm, river kilometer. 
L. cyprinacea abundance was lower in the 2 yr followed by 
periods of high spring flooding. They felt that these floods 
probably flushed the free-swimming stages of this parasitic 
copepod out of the LCR. 
Choudhury et al. (2004) reported that 11 % of the HBC from 
the LCR had metacercariae of Ornithodiplostomum sp. in their 
brains, whereas none of the HBC in the present study were 
infected, and metacercariae were found in the brain of SPD (from 
HA V A) only. The larval stage of this parasite in the brain of fish 
has been shown to induce behavior that increases the fish's 
susceptibility to predation by piscivorous birds, the parasite's 
definitive hosts (Sho and Goater, 2001). 
Twenty percent (overall) of RBT were infected with the 
pathogenic trout cecal nematode T. truttae in the present study 
in comparison with the 100% prevalence reported by Choudhury 
et al. (2004) in the LCR. This marked difference between the 
results of the 2 studies may be attributed to the mechanical 
removal of trout from the main stem of the COR near the 
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TABLE V. Extended. 
Non-native fish species 
PKF CRP 
LCR (4, 0.75) LCR (14, 0.43) 
SHOB (1, 1.0) 
Rkm 254 (15, 0.067) 
Rkm 319 (12, 0.17) 
Rkm 254 (15, 0.067) 
Rkm 174 (13, 0.077) 
CCF 
Rkm 230 (11, 0.18) 
Rkm 362 (2, 0.5) 
Rkm 230 (11, 0.09) 
Rkm 319 (4, 0.5) 
Rkm 230 (11, 0.09) 
Rkm 254 (2, 0.5) 
Rkm 230 (11, 0.09) 
Rkm 254 (2, 0.5) 
Rkm 319 (4, 0.5) 
Rkm 362 (2, 0.5) 
KAN (2, 0.5) 
Rkm 230 (11, 0.45) 
Rkm 319 (4, 0.25) 
Rkm 230 (11, 0.09) 
Rkm 230 (11, 0.18) 
Rkm 230 (11, 0.09) 
Rkm 230 (11, 0.09) 
confluence of the LCR in 2003-2006 (Coggins, 2008) or to the 
different locations and feeding habits of the trout sampled (only 2 
individuals in the present study were sampled from near the LCR; 
1 was infected with T. truttae). The parasite's life cycle involves 
transmission of infective larvae by physid snails (experimentally 
demonstrated by A. Choudhury and R. A. Cole, unpubl. obs.) 
that can comprise a considerable portion of RBT diets in the 
Colorado River in Grand Canyon (A. Choudhury and R. A. 
Cole, unpubl. obs.). 
CCF had the most diverse parasite community of all fish 
species sampled in the present study and the highest mean 
infracommunity richness. Choudhury et al. (2004) reported 
similar results, even considering that their study only sampled 
RBT 
Rkm 138 (12, 0.083) 
Rkm 91 (2, 0.5) 
Rkm 138 (12, 0.083) 
Rkm 174 (2, 0.5) 
Rkm 254 (4, 0.25) 
Rkm 319 (1, 1.0) 
FHM 
Rkm 91 (22, 0.09) 
KAN (17, 0.059) 
Rkm 319 (15, 0.13) 
Rkm 362 (4, 0.25) 
KAN (17,0.059) 
Rkm 230 (13, 0.077) 
Rkm 319 (15, 0.067) 
LCR (3, 0.33) 
Rkm 230 (13, 0.15) 
Rkm 230 (13, 0.077) 
STB 
Rkm 362 (14, 0.071) 
Rkm 362 (14, 0.071) 
fish from the LCR. In addition to the parasites (H exilis, 
corallobothriine cestodes) that are typically found in ictalurid 
catfishes, some species are uncommon in catfishes, i.e., Rhabdo-
chona sp. (the species normally of SPD), Octomacrum sp., 
Kathlaniidae gen. sp., and Achtheres sp. Among native fishes, 
the overall pattern of parasite community richness in this study is 
similar to that reported by Choudhury et al (2004) from the LCR: 
HBC had the most diverse parasite community with the highest 
mean infracommunity richness (0.96 ± 0.9) with depauperate 
parasite communities in both sucker species, BHS (0.05) and FMS 
(0.14 ± 0.41 [0-1]). 
In general, fish sampled from main stem sections of the COR 
had higher parasite diversity and burdens than their correspond-
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ing tributaries. This could be attributed to main-stem fish having 
had more time to acquire infections, because they were, on 
average, approximately 2.6 times longer and 17.8 times heavier 
than those fish caught in the tributaries. The LCR had the 
highest parasite species diversity (n = 4) of all the tributaries 
sampled in this study, and COR230 had the highest parasite 
numbers (L. floridanus maximum = 473) and species diversity (n 
= 13) of the main-stem COR sites, largely owing to the heavily 
infected CCF. It is difficult to accurately determine whether fish 
size was correlated with parasite burden based on the data 
available, because most fish were collected over a rather 
restricted size range; for example, all HBC collected were 
<150 mm and sexually immature (as restricted by our collection 
permit). 
No significant lesions or gross pathological changes associated 
with the presence of parasites were observed. This is not 
uncommon in parasite surveys that use our collection methods; 
animals with severe lesions or clinical disease will most often not 
be available because they are either not actively moving or feeding 
or are doing so at a reduced level. In addition, if disease is most 
severe in early age or small size classes, then sampling, as in this 
study that mostly targeted older and larger fish, will miss those 
fish with disease. 
A temperature control device (TCD) has been proposed for 
GCD to warm the COR in Grand Canyon, to improve 
conditions for native fishes. The TCD will probably increase 
native fish recruitment, at least initially. However, the 
prevalence of parasite infections also may increase, as would 
the abundance of non-native piscivorous fishes. Most of the 
exotic parasites found in Grand Canyon are dependent on 
warm water for all, or part, of their life histories, which is why 
their distribution is largely restricted to tributaries in Grand 
Canyon. The TCD would allow them to complete their life 
cycles in most, if not all, parts of the canyon, making them a 
potential threat to native fish survival. In addition, it is likely 
that the composition of the fish fauna of the COR would 
change. Presently, the majority of the non-native fishes (other 
than the salmonids) are warm-water species that would benefit 
from an increase in water temperature. CCF were 1 of the 
dominant species in the warm waters of the COR in Grand 
Canyon before closure of GCD (Valdez and Ryel, 1995). STB 
and CCF would expand their ranges and largemouth bass, 
Micropterus salmoides; smallmouth bass, Micropterus dolo-
mieui; and walleye, Sander vitreus from Lake Mead (down-
stream) and Lake Powell (upstream) could certainly invade 
Grand Canyon, as well as other non-native cyprinids (Valdez 
et aI., 2005). Each new species of fish that is introduced has the 
potential to bring new parasites with it. If the TCD is able to 
raise water temperatures throughout Grand Canyon, it is very 
likely that the warm-water fishes from Lake Mead will migrate 
further upstream and disrupt native fish populations through 
resource competition and predation. Indeed, striped bass are 
now common below Lava Falls (RK 288), where they were once 
rare (Valdez and Ryel, 1995; AGFD, 1996). 
The present study provides a baseline for the parasites infecting 
native and non-native fishes in 7 tributaries and adjacent main-
stem sections of the COR in Grand Canyon from Lees Ferry to 
Diamond Creek. Future surveys will add to these data and 
provide information on the introduction of new parasites or new 
host affiliations and possible disease occurrence. 
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A SURVEY OF NEOSPORA CAN/NUM AND TOXOPLASMA GONDIIINFECTION IN URBAN 
RODENTS FROM BRAZIL 
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ABSTRACT: Toxoplasma gondii is a protozoan parasite that infects humans and other warm-blooded animals; it uses feral and 
domestic cats as the definitive hosts. Neospora caninum is a protozoan parasite of animals whose life cycle is very similar to T. gondii 
but uses canids as definitive hosts. Small rodents play an important role in the life cycle of T. gondii, and a few findings indicated that 
they may be natural intermediate hosts for N. caninum, The present study was aimed at identifying infections by T. gondii and N. 
caninum in urban rodents, Infections by T. gondii were quantified using isolation of the parasite by bioassay in mice; molecular 
methods were also used for both parasites. Overall, 217 rodents were captured. Brain and heart tissues of all rodents were bioassayed in 
mice for the detection of T. gondii infection. Brain and heart tissues of 121 rodents had the DNA extracted for molecular analysis. 
Toxoplasma gondii was isolated by bioassay from a single rodent. From the 121 rodents tested for the presence of T. gondii DNA, 2 
animals were positive. In contrast, DNA of N. caninum was not detected in any of the samples. In conclusion, the surveys of N. caninum 
and T. gondii infection in Rattus rattus, Rattus norvegicus, and Mus musculus captured in urban areas of Sao Paulo reveal a striking low 
frequency of occurrence of these infections. 
Toxoplasmosis is a parasitic zoonosis caused by Toxoplasma 
gondii, a protozoan that can infect humans and other warm-
blooded animals. Humans become infected post-natally by 
ingesting tissue cysts from undercooked meat or by ingesting 
oocysts from contaminated food or water or from the environ-
ment (Dubey and Beattie, 1988). Although immunocompetent 
infected humans rarely develop clinical signs, the infection is very 
important when oocysts are acquired by women during pregnan-
cy; that is, T. gondii infection can cause abortion or congenital 
defects in the fetus (Jones et aI., 2003). 
The definitive hosts for T. gondii are feral and domestic cats 
(Frenkel et aI., 1970; Dubey and Beattie, 1988; Aramini et aI., 
1999). Toxoplasma gondii undergoes sexual reproduction in the .' 
feline intestine, resulting in the production of millions of 
environmentally resistant oocysts that are shed in cat feces 
(Dubey and Frenkel, 1972; Dubey, 1976; Dubey and Beattie, 
1988). Cats are infected mainly by ingestion of tissue cysts in raw 
meat, e.g., predation. 
Small rodents play an important role in the life cycle of T. 
gondii because they are believed to represent the main source of 
infection for domestic and feral cats. Studies of cat predation on 
wildlife suggest that rodents comprise about two-thirds of the 
prey consumed, although this may vary according to season, 
rodent abundance, and the availability of other prey (Dubey et aI., 
1995; Howe et aI., 1997; Marshall et aI., 2004). 
A recent study found a high prevalence of T. gondii infestation 
in rodents in the city of Sao Paulo (Santos et aI., 2006). Urban 
rodents can be infected with T. gondii from feeding of food found 
in domestic garbage, like leftovers of meat that are contaminated 
with T. gondii cysts (Meireles et aI., 2004). Also, rodents can 
become infected by contact with T. gondii oocysts that may be 
washed into streets or sewage systems. 
Neospora caninum is a coccidian protozoan parasite of animals 
that until 1988 was misdiagnosed with T. gondii (Dubey et aI., 
1988). Its life cycle is very similar to T. gondii, with the difference 
being that canids are definitive hosts for N. caninum (Dubey 
et aI., 2007). At present, only dogs and coyotes are known 
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definitive hosts for N. caninum (McAllister et aI., 1998; Gondim 
et aI., 2004). In livestock, N. caninum can cause neonatal 
mortality and is one of the major causes of abortion (Dubey 
et aI., 1988). 
There are many questions regarding the role of wildlife as a 
reservoir of this protozoan (Gondim, 2006). A few findings have 
indicated that small mammals such as mice (Mus domesticus and 
Mus musculus) and rats (Rattus novergicus) may be natural 
intermediate hosts (Huang et aI., 2004; Hughes et aI., 2006; 
Ferroglio et aI., 2007; JenKins et. aI., 2007; Barratt et aI., 2008). 
The present study attempted to confirm infections by T. gondii 
and N. caninum in urban rodents by molecular methods, and by 
mouse bioassay using an isolate of T. gondii. 
MATERIALS AND METHODS 
Rodent trapping 
Trapping was conducted at different locations in the greater Sao Paulo 
area between April 2005 and February 2008. Rodents were trapped using 
commercial rodent cages and were brought alive to the Laboratory of 
Parasitic Diseases at the Department of Veterinary Preventive Medicine 
and Animal Health, Faculty of Veterinary Medicine, University of Sao 
Paulo (FMVZ-USP), Brazil, where they were sedated in a chamber with 
ether or chloroform, followed by peritoneal injection of 200 mg/kg 
pentobarbital for killing (Close et aI., 1996). Overall, 217 rodents were 
captured (193 Rattus rattus, 20 R. norvegicus, and 4 M. musculus). 
Bioassay for the detection of T. gondii infection 
Brain and heart tissues of all rodents were bioassayed for the detection 
of T. gondii infection in outbred female Swiss Webster mice as described 
previously (Dubey et aI., 2002). Tissues from the 85 initially captured 
rodents were homogenized, digested in acidic pepsin, and washed. The 
resulting homogenate was inoculated subcutaneously into 5 mice (Dubey, 
1998). Enzyme-digested rodent tissue was not used after number 85. In 
these latter cases, the tissues were homogenized with antibiotic solution 
and directly inoculated into 2 or 3 mice, depending on the amount of tissue 
collected. Imprints of lungs and brain of the mice that died after 
inoculation were examined for T. gondii tachyzoites and tissue cysts. 
Survivors were bled on day 40-42 post-inoculation (p.i.), and a 1:25 
dilution of serum from each mouse was tested for T. gondii antibodies with 
a modified agglutination test (MAT) as described by Dubey and 
Desmonts (1987). All rodents that were seropositive with MAT had their 
serum also tested with IFAT for confirmation, at a 1:16 dilution 
(Camargo, 1964). Mice were killed 52-56 days p.i., and fresh brains of 
all mice were examined for tissue cysts as described (Dubey, 1998). The 
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inoculated mice were considered infected with T. gondii when tachyzoites 
or tissue cysts were found in tissues. 
Collection of samples for the PCR detection 
One hundred and twenty-one rodents (2 M. musculus, 112 R. rattus, and 
7 R norvegicus) were dissected and their tissues collected for DNA 
extraction. All of the 121 animals had part of their brains kept frozen at 
-20 C for later examination by PCR; 82 (2 M. musculus, 74 R. rattus, and 
6 R norvegicus) had a part of their hearts frozen for the same purpose. 
Captured rodents were dissected under clean laboratory conditions using 
biological safety cabinets (class II) and sterile surgical material (I set for 
each rodent) to avoid cross contamination. 
DNA extraction of brain and heart samples 
DNA extraction of brain samples was performed as described by Paula 
et al. (2004). DNA extraction of heart samples was performed according 
to Sambrook et al. (1989). Briefly, up to 0.25 g of each heart sample (the 
amount of the sample depended on the size of the organ) was placed in a 
sterile tube containing lysis buffer. DNA was extracted using proteinase 
K, followed by phenol chloroform extraction, and the ethanol precipita-
tion method. DNA was ressuspended in 30 ~I of TE buffer, pH 8.0, and 
stored at - 20 C. 
Molecular diagnosis 
Nested PCRfor the detection ofT. gondii genetic sequences: Nested PCR 
was performed using primers directed at the Bl gene (nPCR-BI) as 
described by Yai et al. (2003). 
Heminested PCR for the detection of N. caninum genetic sequences: 
Specific detection of N caninum DNA was carried out by a hemi-nested 
PCR amplification directed at the Nc510cus (hnPCR-Nc5) as described in 
Paula et al. (2004). The hnPCR-Nc5 was performed using primer pairs 
Np4-Np7 (primary amplification) and Np6-Np7 (secondary amplifica-
tion). The Np4-Np7 primer pair amplifies a DNA fragment of 275 bp, and 
the Np6-Np7 primer pair amplifies a DNA fragment of 227 bp (Bazler et 
aI., 1999). This method has been shown to be extremely sensitive when 
used for the detection of N caninum DNA in natural infections (Hughes 
et aI., 2006). 
Nested PCR-ITSJ-RFLP for the detection and identification ofT. gondii: 
A nested PCR (nPCR-ITSl) was carried out employing primers directed 
to the common T. gondii l8S and 5.8S rRNA genes (Soares et al. 2011). 
These primers flank the complete genetic sequence encompassing the 
internal transcribed spacer 1 (ITS 1). Positive samples for N caninum by 
hnPCR-Nc-5 and positive samples for T. gondii by nPCR-Blwere tested 
with nPCR-ITSl. The amplicons yielded by nPCR-ITSl were further 
digested by restriction endonucleases as described below (nPCR-ITSl-
RFLP) (Soares et al. 2011). . 
The following DNA samples were used as a positive control: (1) DNA 
of T. gondii from tachyzoites of the strains RH grown on experimentally 
infected mice; (2) DNA of N caninum from tachyzoites of the Nc-l strain 
grown on Vero cells; (3) DNA of Hammondia hammondi and DNA of 2 
genetic lineages of Hammondia heydorni from oocysts detected in feces of 
naturally infected cats and dogs, respectively. The DNA of oocysts had 
already been characterized by sequence analysis of internal transcribed 
spacer-l rDNA (ITS-I) and the 70 kDa heat-shock-protein-coding 
sequences (Hsp70) (Monteiro et aI., 2007). Ultrapure milliQ water was 
used as a negative control. 
The PCR cycling conditions used were 94 C for 3 min, followed by 40 
cycles of94C for 50 sec, 56 C for 50 sec, and 72C for 50 sec. The PCR was 
finished with a final extension of 72 C for 5 min. The outer primers, 
deoxyribonucleotide triphosphates and MgCI2, were used at a final 
concentration of 0.5 ~M, 200 ~M, and 1.5 mM. Taq DNA polymerase 
platinum (Invitrogen, Carlsbad, California) was used at a final concen-
tration of 1.25 units/50 ~1. Five microliters of the buffer supplied with the 
enzyme and 5 ~I of template DNA was added to the PCR mixture. 
Amplicons were digested by restriction endonucleases following the 
manufacturer's instructions. The enzyme RsaI cuts the inner fragment 
from Neospora spp. into 3 smaller segments of 239, 132, and 129 bp, 
whereas the homologous PCR products from T. gondii, H. heydorni, and 
H. hammondi remain intact after digestion. The ITS-l fragments of T. 
gondii, H. heydorni, and H. hammondi were cut by TaqI into 3, 4, and 2 
smaller segments, respectively. TaqI does not cleave the amplicons of 
Neospora spp. (Table I). To visualize the restriction patterns, aliquots of 
25 ~ digested samples mixed with 2 ~I loading buffer were subject to 
electrophoresis using a 2.5% agarose gel stained with ethidium bromide. 
Sequencing and sequence analysis of nPCR·ITS1 products 
The nPCR-ITSl products that were cut by RsaI and TaqI in different 
patterns from those expected for the members of T. gondii were sequenced 
using the original primers and the Big Dye chemistry (Applied Biosystems, 
Foster City, California). Sequencing products were analyzed on an 
ABI377 automated sequencer. Both strands of each PCR products were 
sequenced at least 4 times in both directions to increase the confidence of 
sequencing. The sequences were assembled and the contig formed with the 
phred-base calling and the phrap-assembly tool available in the suite 
Codoncode aligner v.1.5.2. (Codoncode Corp., Dedham, Massachusetts). 
The PCR-ITSI-derived sequences were submitted to the BLAST search 
(blastn, www.ncbi.nlm.nig.gov/BLAST) to identify the species of the 
parasite. 
Genotyping T. gondii isolates 
Toxoplasma gondii isolated in mice from the tissues of rodents were 
subjected to strain typing using 12 PCR-restriction fragment polymor-
phism markers: SAG-I, SAG-2, SAG-2 (new), SAG-3, B-TUB, GRA6, 
c22-8, c29-2, L358, PKl, CS3, and Apico (Su et aI., 2006; Pena et aI., 
2008). The molecular assays were performed exactly as previously 
described by Howe et al. (1997). 
RESULTS 
The differentiation between Hammondia sp.-like organisms 
shed by dogs and cats using nPCR-ITSI-RFLP can be found in 
Figure 1. Each sample yielded the expected RFLP profile. The 2 
genetic lineages of H heydorni yielded identical PCR-RFLP 
profiles. For T. gondii, different genotypes are known. The 
restriction patterns of the 3 archetypes, known as I, II, and III are 
identical. The 2 known species within N. caninum share the same 
restriction pattern. 
Positive hnPCR-Nc5 results were found in 12 brain samples 
from 10 rodents (7 R rattus, 2 R. norvegicus, and 1 M musculus). 
When tested with nPCR-ITSl-RFLP, DNA of N. caninum was 
not confirmed in any of the samples. 
For the mouse bioassay, T. gondii was isolated from only 1 
rodent. Cysts of T. gondii were found in the brain and tachyzoites 
in the lungs of a mouse that was inoculated with tissues from 
a trapped R. norvegicus, 1 of the 20 examined. This result 
corresponds to 5% prevalence among R norvegicus and a 0.46% 
positivity considering all captured rodents. Brain and heart tissues 
of this rat contained T. gondii DNA, as revealed by both nPCR-
ITSI-RFLP and nPCR-Bl. 
From the 121 rodents tested for the presence of T. gondii DNA, 
5 were positive by nPCR-Bl: 1 M. musculus (heart), 1 R rattus 
(heart), 1 R rattus (brain), 1 R norvegicus (brain), and the same 
R norvegicus that was positive by bioassay (heart and brain). 
When tested by nPCR-ITSl-RFLP, only 2 of these 5 rodents were 
positive. Heart and brain samples of the R. norvegicus that was 
positive by bioassay and heart sample of the M musculus positive 
by nested PCR-Blwere also positive by nPCR-ITSI-RFLP. 
All the 12 samples from 10 rodents that were N. caninum-
positive by hnPCR-Nc5 were also positive by nPCR-ITSl. The 
amplicons yielded by nPCR-ITSI were the similar size as those 
yielded after amplification of N. caninum DNA (-500 bp), but 
their restriction profiles were different than those expected for any 
organism in the subfamily Toxoplasmatinae (Fig. 2). Sequencing 
nPCR-ITSl fragments amplified from tissues of rodents revealed 
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TABLE I. Restriction enzymes used in nPCR-ITSI-RFLP, their cleavage sites, and the pattern of cleavage of each PCR product amplified from DNA of 
oocysts of Hammondia-like organisms. 
Enzyme Cleavage site Toxoplasma gondii Hammondia heydorni Hammondia hammondii Neospora caninum 
RsaI GT'AC 472 
TaqI T'CG'A 245 
152 
75 
3 genetically similar sequences (Fig. 3). These sequences were 
classified as A, B, and C (Table II), and the overall similarity 
among them was 97.2%. These sequences were used for BLAST 
similarity searches, and 1 single hit producing significant 
alignment was found (~70% identity) (AK053849, M. musculus 
o day neonate eyeball cDNA, product: unclassifiable). 
Attempts to genotype T. gondii in rodents only positive by 
molecular assays, but not positive by bioassay, failed. The result 
of genotyping of the single T. gondii isolate revealed the following 
alleles for each marker: SAGI (I), SAG2 (I), SAG2new (u-l), 
SAG3 (III), BTUB (III), GRA6 (III), c22-8 (u-I), c29-2 (I), L358 
(III), PKI (III), Apico (I), and CS3 (III). 
DISCUSSION 
In the present study we found a prevalence of 0.46% for urban 
rodents infected with T. gondii in 5 counties in the greater Sao 
Paulo area, according to results obtained with the bioassay in 
mice. Other authors have also found similar frequencies when 
testing rats collected on pig farms in Illinois (0.93%) (Dubey et a!., 
1995) and in peri-urban areas in Grenada, West Indies (0.42%) 
(Dubey et a!., 2006). 
FIGURE 1. Agarose electrophoresis gel of nPCR-ITSI-RFLP products 
obtained from DNA of the various members of the Toxoplasmatinae. 
Nca: Neospora caninum; Tgo: Toxoplasma gondii; Hha: Hammondia 
hammondi; HheI: Hammondia heydorni lineage I; HheII: Hammondia 
heydorni lineage II. T: TaqI; R: RsaI. L: 100 bp DNA ladder. 
479 473 239 
132 
129 
174 500 
156 248 
96 225 
53 
A study of 181 R. rattus captured from an urban area in 
Londrina, Parana, Brazil, revealed a 5% prevalence for T. gondii, 
via bioassay in mice (Ruffolo et a!., 2008). In the same state, in the 
municipality ofUmuarama, Araujo et al (2010) reported that 2 of 
43 (4.7%) rodents were positive for T. gondii from the same urban 
areas and by the same methodology. Although this frequency 
seems higher than the one we found, we have no data on the 
estimated number of rodents in either the greater Sao Paulo area, 
or the other studied cities to determine what this difference really 
means. 
The low frequency of T. gondii found in urban rodents in the 
present study was unexpected as all the known transmission 
routes occur in Sao Paulo. For instance, it is well known that 
between 12 and 20% of the cats living in the city are positive for T. 
gondii. However, it is not known whether these positive cats have 
contaminated the urban environment at some point during their 
lifetime, as they may all be mostly indoor animals (Lucas et a!., 
1999; Pena et a!., 2006). 
In our study, the results of molecular diagnosis showed that T. 
gondii DNA was found in tissues from 4 rodents that were 
negative by the bioassay. This may be due to the amount and/or 
the viability of the parasites; it is possible that these parasites were 
already dead or in a number too low to produce an infection in 
their host. This finding would suggest that rodents positive only 
by molecular diagnosis do not represent a source of T. gondii 
infection. 
In our experiment we changed the tissue homogenization 
protocol in order to diminish the waste of material, because we 
FIGURE 2. Agarose electrophoresis gel of nPCR-ITSI-RFLP products 
obtained from DNA of brain tissues of rats using 2 restriction enzymes, 
RsaI and TaqI. Al and A6 are samples from R. rattus, A7 is from Mus 
musculus, and A4, C25, C26, and C27 are from R. norvegicus L: 100 bp 
DNA ladder. Note that the restriction patterns for A4, C26, and C27 are 
identical to that obtained with DNA of Toxoplasma gondii. 
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FIGURE 3. Partial nucleotide sequence of the nPCR-ITSI products obtained from DNA of brain tissues of rats. Note the restriction site for RsaI 
(GTAC) present in the sequence AI, at the nucleotide position 130. Sequences AI, A7, and C25 correspond to A, B, and C sequences, respectively. 
observed that larger amounts of tissue were recovered and 
inoculated if tissues were not previously submitted to acid 
digestion. 
The T. gondii isolate from this study was genotyped as a 
recombinant of I, III, and u-l. This recombinant genotype has 
been previously found in 2 sheep (Ragozo et aI., 2008) and 1 cat 
(Pena et aI., 2008), also from the State of Sao Paulo (TgCatBr64, 
TgShBr6 and TgShBr7). While in agreement with previous studies 
indicating that T. gondii in Brazil shows great genetic variability, 
we did not observe a clonal strain in the present study. 
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TABLE II. Genetic characterization of nPCR-ITSI fragments amplified from brain tissues of rodents. * 
Sample code Sample Host Tissue 
A21 184 al Rattus rattus Brain 
A22 158 al R. rattus Brain 
A9 101 (29 a2) R. rattus Brain 
A19 160 a2 R. rattus Brain 
C25 180 a2 Rattus norvegicus Brain 
A20 180 a4 R. norvegicus Brain 
All 141 al R. rattus Brain 
A6 143 a2 R rattus Brain 
AIO 143 al R rattus Brain 
A7 121 (44g) Mus musculus Brain 
A8 219 al R norvegicus Brain 
C24 127 al R rattus Brain 
A5 211 R. norvegicus Brain 
Al 207 R. raltus Brain 
A2 129 R raltus Heart 
A4 218 cer R norvegicus Brain 
C26 218 al R norvegicus Brain 
C27 218 cor R norvegicus Heart 
A3 121 cor M. musculus Heart 
• + = positive; neg = negative. 
Among the factors that can influence the outcome of PCR, the 
target DNA and primers are considered chief parameters 
(Chabbert et aI., 2004). Some authors reported the Nc5 locus as 
being unique to N. caninum (Kaufmann et aI., 1996; Yamage et 
aI., 1996). However, Huang et aI. (2004) have found 2 animals 
positive by PCR based on the Nc5 locus among 55 rats (R. 
norvegicus) that were captured on cattle farms in Taiwan. The 
sequence of PCR products obtained from 1 of these 2 rats had a 
94% nucleotide identity with a homologous fragment of N. 
caninum strain Austria 1. Ferroglio et aI. (2007) studied N. 
caninum infection in rodents from Piedmont (Italy) with Nc5 
locus-based PCR and found 9 domestic mice (M musculus), 14 
rats (R. norvegicus), and 2 home wild mice (Apodemus sylvaticus) 
positive by PCR. PCR products amplified from 2 rats, 1 mouse, 
and 1 home wild mouse were 96-97% similar to homologous 
sequences from standard isolates of N. caninum. Hughes et aI. 
(2008) studying N. caninum in brain tissue of 57 rabbits in the 
U.K. also found 6 samples that were confirmed to be infected by 
N. caninum, using Nc510cus-based PCR. However, Romano et aI. 
(2009) using nested PCR based on primers directed to Nc510cus, 
have amplified sequences that were shown to be, in fact, DNA 
sequences of the host. These authors tested 135 small rodents (50 
M musculus, 50 R. norvegicus, and 35 A. sylvaticus) in the 
Piedmont region of Italy with 2 PCR protocols, one of them 
based on primer pair NP4-NP7 and the other based on the pair 
Np6plus-Np21plus. Of the 50 samples from M. musculus, 49 were 
positive for N. caninum using primer pair NP4-NP7. After cloning 
and sequencing the PCR products, only 6 were confirmed to be 
from N. caninum, while the remaining 43 were similar to genetic 
sequences of mice. According to the authors, this finding 
undermines the reliability of this marker for the detection of N. 
caninum in tissues of rodents. In our survey, all the 12 samples 
from 10 rodents that were positive by hnPCR-Nc5 were also 
positive by nPCR-ITS1. However, none of them was confirmed to 
be infected by an organism of the Toxoplasmatinae. The 
amplicons yielded by nPCR-ITSl in the hnPCR-Nc5 positive 
ITS-I identification hnPCR-Nc5 nPCR-BI 
B + Neg 
A + Neg 
A + Neg 
B + Neg 
C + Neg 
C + Neg 
B + Neg 
A + Neg 
A + Neg 
B + Neg 
C + Neg 
B + Neg 
C Neg + 
A Neg + 
B Neg + 
Toxoplasma gondii Neg + 
T gondii Neg + 
T. gondii Neg + 
T gondii Neg + 
samples were similar in size to the amplicons yielded after 
amplification of N. caninum DNA (-500 bp), but their restriction 
profiles were different from those of organisms of the Toxoplas-
matinae. In fact, after being sequenced, these amplicons were 
highly divergent from ITS-l sequences of protozoans in Tox-
oplasmatinae. 
Sequencing nPCR-ITSI fragments amplified from rodent 
tissues that were positive by hnPCR-Nc5 revealed 3 genetically 
similar sequences. Type A and B sequences could be found in 
tissues of R. rattus, whereas sequences type B is shared by R. 
rattus and M musculus and type C appears to be exclusive to R. 
norvegicus. To investigate if any tissues from rodents were positive 
when tested by nPCR-ITS1, we examined 20 samples that were 
negative for hnPCR-Nc5 and nPCR-Bl, and none was positive by 
nPCR -ITS 1. It is noteworthy mentioning that in 3 samples of this 
survey that were positive by nPCR-ITS1, the yielded amplicons 
were derived from T. gondii DNA, as revealed by RFLP analysis, 
while nPCR-ITSl sequence types A, B, and C were not co-
amplified. In this particular case, co-amplification of T. gondii 
DNA and rodent DNA should be expected if the primers of 
nPCR-ITSI amplified genetic sequences of the host. These results 
suggest that type A, B, and C sequences were not derived from 
rodent DNA, but may be derived from another related parasite. 
With respect to the applicability of PCR for the detection of 
cyst-forming coccidia in tissue samples, it is also worth 
emphasizing the intrinsic difficulties of this method for diagnosis 
of this type of infection. After performing a bioassay in mice, 
followed by PCR for the diagnosis of N. caninum in rats, Huang 
et aI. (2004) reported poor sensitivity for the molecular method. 
This was probably due to the fact that a small amount of the 
parasite is typically found in brain tissue of experimentally 
infected mice. These authors reported that only 1 cyst of N. 
caninum was found in the brain of 10fthese mice, which hindered 
the chance of isolating target DNA in the portion of tissue that is 
sampled for DNA extraction. Thus, PCR results for the direct 
detection of cyst-forming parasites in tissue samples must be 
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interpreted with caution, because false negative results may be a 
common outcome. In addition, the organ of choice for detection 
of N. caninum by molecular techniques may interfere with the 
outcome (Barrat et a!., 2008). According to Collantes-Fernandez 
et al. (2006), N. caninum may be present in other tissues besides 
the brain, but only during the early stages of infection, after which 
the host immune response would eliminate the parasite from 
tissues other than brain. In the present survey, we attempted to 
detect N. caninum in brain and heart tissues, primarily in an effort 
to detect chronic infections. From our results, none of the rodents 
surveyed was found to be chronically infected by N. caninum, and 
the role played by this host in the urban cycle of N. caninum 
infection appears to be negligible. 
In a similar survey, Jenkins et a!. (2007) determined the 
prevalence of N. caninum in 347 rodents (242 R. norvegicus and 
105 M. musculus) captured in the United States and the Caribbean 
and compared the results given by PCR based on ITS-l target and 
PCR based on Nc-5 locus. In the samples from mice, DNA of N. 
caninum was detected in 10 animals by Nc-5-based PCR, 23 by the 
ITS-I-based PCR, and 9 by both assays. In rats, the authors 
detected N. caninum in 166 animals by Nc-5-based PCR, 106 by 
ITS-I-based PCR, and 96 by both tests. However, N. caninum 
infection was not confirmed by bioassay in gerbils in any of the 
samples nor was identity of the amplicons confirmed in any of the 
PCR products. The identity of the amplicons yielded by hnPCR-
Nc5 in our survey was not determined, but the fact that nPCR-
ITSI amplified genetic sequences not related to N. caninum 
indicates that the primers based on Nc-5 should not be used for a 
definitive diagnostic without the identification of the resulting 
amplicon. By the above, it is reasonable to infer that the results of 
Nc-5-based PCR in the present survey and in the survey 
conducted by Jenkins et al. (2007) were false positives and that 
this molecular marker should not be used for the detection of N. 
caninum DNA in tissues from rats. 
ACKNOWLEDGMENTS 
We thank Conselho Nacional de Desenvolvimento Cientifico e 
Tecnol6gico (CNPq) for the productivity scholarship for S. M. Gennari 
and R. M. Soares, as well as Funda<;ao de Amparo a Pesquisa do Estado 
de Sao Paulo (FAPESP) for the grant to Ph.D. student Vanessa Muradian 
(process number 04/12854-5). 
LITERATURE CITED 
ARAM1NI, J., C. STEPHEN, J. P. DUBEY, C. ENGELSTOFT, H. SCHWANTJE, AND 
C. S. RIBBLE. 1999. Potential contamination of drinking water with 
Toxoplasma gondii oocysts. Epidemiology and Infection 122: 305-
315. 
ARAUJO, J. B., A. V. SILVA, R. C. ROSA, R. J. MATTEI, R. C. SILVA, V. B. 
R1CHINI-PEREIRA, AND H. LANGON!. 2010. Isolation and multilocus 
genotyping of Toxoplasma gondii in seronegative rodents in Brazil. 
Veterinary Parasitology 174: 328-331. 
BARRATT, J., S. AL QASSAB, M. P. REICHEL, AND J. T. ELLIS. 2008. The 
development and evaluation of a nested PCR assay for detection of 
Neospora caninum and Hammondia heydorni in feral mouse tissues. 
Molecular and Cellular Probes 22: 228-233. 
BAZLER, T. V., L. J. C. GAY, M. T. LONG, AND B. A. MATHISON. 1999. 
Detection by PCR of Neospora caninum in fetal tissues from 
spontaneous bovine abortions. Journal of Clinical Microbiology 37: 
4059-4064. 
CAMARGO, M. E. 1964. Improved technique of indirect immunofluores-
cence for serological diagnosis of toxoplasmosis. Revista do Instituto 
de Medicina Tropical de Sao Paulo 6: 117-118. 
CHABBERT, E., L. LACHAUD, L. CROBU, AND P. BASTIEN. 2004. Comparison 
of two widely used PCR primer systems for detection of Toxoplasma 
in amniotic fluid, blood, and tissues. Journal of Clinical Microbiology 
42: 1719-1722. 
CLOSE, B., K. BANISTER, V. BAUMANS, E.-M. BERNOTH, N. BROMAGE, J. 
BUNYAN, W. ERHARDT, P. FLECKNELL, N. GREGORY, H. HACKBARTH, 
ET AL. 1996. Recommendations for euthanasia of experimental 
animals. Laboratory Animals 30: 293-316. 
COLLANTEZ-FERNANDEZ, E., 1. LOPEZ-PEREZ, G. ALVAREZ-GARCIA, AND 
L.M. ORTEGA-MoRA. 2006. Temporal distribution and parasite load 
kinetics in blood and tissues during Neospora caninum infection in 
mice. Infection and Immunity 74: 2491-2494. 
DUBEY, J. P. 1976. Reshedding of Toxoplasma gondii by chronically 
infected cats. Nature 262: 213-214. 
---. 1998. Refinement of pepsin digestion method for isolation of 
Toxoplasma gondii from infected tissues. Veterinary Parasitology 74: 
75-77. 
---, B. C. BARR, J. R. BARTA,!. BJERKAS, C. BJORKMAN, B. L. 
BLAGBURN, D. D. BOWMAN, D. BUXTON, J. T. ELLIS, B. GOTTSTEIN, 
ET AL. 2002. Redescription of Neospora caninum and its differentiation 
from related coccidian. International Journal of Parasitology 32: 929-
946. 
---, AND C. P. BEATTIE. 1988. Toxoplasmosis of animals and man. 
CRC Press, Boca Raton, Florida, 220 p. 
---, M. I. BHAIYAT, C. N. MACPHERSON, C. DE ALLIE, A. CHIKWETO, O. 
C. KWOK, AND R. N. SHARMA. 2006. Prevalence of Toxoplasma gondii 
in rats (Rattus norvegicus) in Grenada, West Indies. Journal of 
Parasitology 92: 1107-1108. 
---, J. L. CARPENTER, C. A. SPEER, M. J. TOPPER, AND A. UGGLA. 1988. 
Newly recognized fatal protozoan disease of dogs. Journal of the 
American Veterinary Medical Association 192: 1269-1285. 
---, AND G. DESMONTS. 1987. Serological responses of equids fed 
Toxoplasma gondii oocysts. Equine Veterinary Journal 19: 337-339. 
---, AND J. K. FRENKEL. 1972. Cyst-induced toxoplasmosis in cats. 
Journal of Protozoology 19: 155-177. 
---, G. SCHARES, AND L. M. ORTEGA-MORA. 2007. Epidemiology and 
Control of neosporosis and Neospora caninum. Clinical and 
Microbiology Review 20: 323-367. 
---, R. M. WEIGEL, A. M. SIEGEL, P. THULLIEZ, U. D. KITRON, M. A. 
MITCHELL, A. MANNELLI, N. E. MATEUS-PINILLA, S. K. SHEN, O. C. 
KWOK, ET AL. 1995. Sources and reservoirs of Toxoplasma gondii 
infection on 47 swine farms in Illinois. Journal of Parasitology 81: 
723-729. 
FERROGLIO, E., M. PASINO, A. ROMANO, D. GRANDE, P. PREGEL, AND A. 
TRISCIUOGLIO. 2007. Evidence of Neospora caninum DNA in wild 
rodents. Veterinary Parasitology 148: 346-349. 
FRENKEL, J. K., J. P. DUBEY, AND N. L. MILLER. 1970. Toxoplasma gondii 
in cats: Fecal stages identified as coccidian oocysts. Science 167: 893-
896. 
GONDlM, L. F. 2006. Neospora caninum in wildlife. Trends in Parasitology 
22: 247-252. 
---, M. M. McALLISTER, W. C. PITT, AND D. E. ZEMLICKA. 2004. 
Coyotes (Canis latrans) are definitive hosts of Neospora caninum. 
International Journal for Parasitology 34: 159-161. 
HOWE, D. K., S. HONORE, F. DEROUIN, AND L. D. SIBLEY. 1997. 
Determination of genotypes of Toxoplasma gondii strains isolated 
from patients with toxoplasmosis. Journal of Clinical Microbiology 
35: 1411-1414. 
HUANG, C. c., C. H. YANG, Y. WATANABE, Y. K. LAJO, AND H. K. OO!. 
2004. Finding of Neospora caninum in the wild brown rat (Rattus 
norvegicus). Veterinary Research 35: 283-290. 
HUGHES, J. M., D. THOMASSON, P. S. CRAIG, S. GEORGIN, A. PICKLES, AND 
G. HIDE. 2008. Neospora caninum: Detection in wild rabbits and 
investigation of co-infection with Toxoplasma gondii by PCR 
analysis. Experimental Parasitology 120: 255-260. 
---, R. H. WILLIAMS, E. K. MORLEY, D. A. COOK, R. S. TERRY, R. G. 
MURPHY, J. E. SMITH, AND G. HIDE. 2006. The prevalence of Neospora 
caninum and co-infection with Toxoplasma gondii by PCR analysis in 
natural occurring mammal populations. Parasitology 132: 29-36. 
JENKINS, M. c., C. PARKER, D. HILL, R. D. PINCKNEY, R. DYER, AND J. P. 
DUBEY. 2007. Neospora caninum detected in feral rodents. Veterinary 
Parasitology 143: 161-165. 
JONES, J. L., F. OGUNMODEDE, J. SCHEFTEL, E. KIRKLAND, A. LOPEZ, J. 
SCHULKIN, AND R. LYNFIELD. 2003. Toxoplasmosis-related knowledge 
134 THE JOURNAL OF PARASITOLOGY, VOL. 98, NO.1, FEBRUARY 2012 
and practices among pregnant women in the United States. Infectious 
Diseases in Obstetrics and Gynecology 11: 139-145. 
KAUFMANN, H., M. YAMAGE, 1. RODlTI, D. DOBBELAERE, J. P. DUBEY, O. J. 
HOLMDAHL, A TREES, AND B. GOTTSTEIN. 1996. Discrimination of 
Neospora caninum from Toxoplasma gondii and other apicomplexan 
parasites by hybridization and PCR. Molecular and Cellular Probes 
10: 289-297. 
LUCAS, S. R. R., M. K. HAGIWARA, V. S. LOUREIRO, J. Y. H. IKESAKI, AND 
E. H. BIRGEL. 1999. Toxoplasma gondii infection in Brazilian domestic 
outpatients cats. Revista do Instituto de Medicina Tropical de Sao 
Paulo 41: 221-224. 
MARSHALL, P. A., J. M. HUGHES, G. MURPHY, R. H. WILLIAMS, J. E. 
SMITH, R. G. MURPHY, AND G. HIDE. 2004. Detection of high levels of 
congenital transmission of Toxoplasma gondii in natural urban 
populations of Mus domesticus. Parasitology 128: 39-42. 
McALLISTER, M. M., J. P. DUBEY, D. S. LINDSAY, W. R. JOLLEY, R. A 
WILLS, AND A M. MCGUIRE. 1998. Dogs are definitive host of 
Neospora caninum. International Journal for Parasitology 28: 1473-
1478. 
MEIRELES, L. R., A. J. GALISTEO, E. POMPEU, AND H. F. ANDRADE, JR. 
2004. Toxoplasma gondii spreading in an urban area evaluated by 
seroprevalence in free-living cats and dogs. Tropical Medicine and 
International Health 9: 876-881. 
MONTEIRO, R. M., L. J. RICHTZENHAIN, H. F. J. PENA, S. L. SOUZA, M .R. 
FUNADA, S. M. GENNARI, J. P. DUBEY, C. SREEKUMAR, L. B. KEID, 
AND R. M. SOARES. 2007. Molecular phylogenetic analysis in 
Hammondia-like organisms based on partial Hsp-70 coding sequenc-
es. Parasitology 134: 1195-1203. 
PAULA, V. S., A. A RODRIGUES, L. J. RICHTZENHAIN, A. CORTEZ, R. M. 
SOARES, AND S. M. GENNARI. 2004. Evaluation of a PCR based on 
primers to Nc5 gene for the detection of Neospora caninum in brain 
tissues of bovine aborted fetuses. Veterinary Research Communica-
tions 28: 581-585. 
PENA, H. F., S. M. GENNARI, J. P. DUBEY, AND C. SUo 2008. Population 
structure and mouse-virulence of Toxoplasma gondii in Brazil. 
International Journal for Parasitology 38: 561-569. 
---, R. M. SOARES, M. AMAKU, J. P. DUBEY, AND S. M. GENNARI. 2006. 
Toxoplasma gondii infection in cats from Sao Paulo state, Brazil: 
Seroprevalence, oocyst shedding, isolation in mice, and biologic and 
molecular characterization. Research in Veterinary Science 81: 58-67. 
RAGOZO, A. M., R. L. YAI, L. N. OLIVEIRA, R. A. DIAS, J. P. DUBEY, AND 
S. M. GENNARI. 2008. Seroprevalence and isolation of Toxoplasma 
gondii from sheep from Sao Paulo state, Brazil. Journal of 
Parasitology 94: 1259-1263. 
ROMANO, A, A. TRISCIUOGLIO, D. GRANDE, AND E. FERROGLIO. 2009. 
Comparison of two PCR protocols for the detection of Neospora 
caninum DNA in rodents. Veterinary Parasitology 159: 159-161. 
RUFFOLO, B. B., 1. T. NAVARRO, AND J. L. GARCIA. 2008. Toxoplasma 
gondii in urban rats and seroprevalence in contacting dogs, Londrina 
City, Brazil. Proceedings of Toxoplasma Centennial Congress, Buzios 
(RJ), Brazil. 
SAMBROOK, J., E. F. FRITSCH, AND T. MANIATIS. 1989. Molecular cloning 
-A laboratory manual, 2nd edition. Cold Spring Harbor, Labora-
tory Press, Cold Springs Harbor, New York, 417 p. 
SANTOS, M. G. S., J. C. M. ALVES, AND J. O. M. ALBUQUERQUE. 2006. 
indice de infesta<;:ao predial por roedores no municipio de Sao Paulo. 
Proceedings 11 0 Congresso Mundial de Saude Publica e 8° Congresso 
Brasileiro de Saude Coletiva (CD-ROM). 
SOARES, R. M., E. G. LOPES, L. B. KEID, M. K. SERCUNDES, J. MARTINS, 
AND L. J. RICHTZENHAIN. 2011. Identification of Hammondia heydorni 
oocysts by a heminested-PCR (hnPCR APIO) based on the H. 
heydorni RAPD fragment APIO. Veterinary Parasitology 175: 168-
172. 
Su, c., X. ZHANG, AND J. P. DUBEY. 2006. Genotyping of Toxoplasma 
gondii by multilocus PCR-RFLP markers: A high resolution and 
simple method for identification of parasites. International Journal 
for Parasitology 36: 841-848. 
Y AI, L. E. 0., R. M. SOARES, A CORTEZ, R. L. FREIRE, L. J. 
RICHTZENHAIN, AND S. M. GENNARI. 2003. Evaluation of experimental 
Toxoplasma gondii (Nicolle and Manceaus, 1909) infection in pigs by 
bioassay in mice and polymerase chain reaction. Brazilian Journal of 
Veterinary Research and Animal Science 40: 227-234. 
YAMAGE, M., O. FLECHNER, AND B. GOTTSTEIN. 1996. Neospora caninum: 
Specific oligonucleotide primers for the detection of brain "cyst" 
DNA of experimentally infected nude mice by polymerase chain 
reaction (PCR). Journal of Parasitology 82: 272-279. 
J. Parasitol .. 98(1).2012. pp. 135--141 
© American Society of Parasitologists 2012 
IDENTIFICATION OF GENE EXPRESSION ELEMENTS IN HISTOMONAS MELEAGRIDIS 
USING SPLINKERETTE PCR, A VARIATION OF LIGATED ADAPTOR PCR 
Elizabeth C. Lynn and Robert B. Beckstead* 
Department of Poultry Science. College of Agriculture and Environmental Sciences, University of Georgia, Athens, Georgia 30602. e-mail: robertb@uga.edu 
ABSTRACT: Histomonas meleagridis is the causative agent of blackhead disease in gallinaceous birds. Limited genetic information 
exists for this organism, with the majority of sequence information coming from the coding regions of genes. No information is 
available for intergenic regions that contain DNA elements required for the regulation of gene expression. In this study, we 
demonstrate that splinkerette PCR, a variation of ligated adaptor PCR, can be used to identify regions of unknown sequence that lie 
upstream and downstream of known genomic sequences. Using this technique, we identified upstream sequences of 2 ~-tubulin genes. 
Sequence analysis identified the 5' coding portions of the ~-tubulin genes, the intergenic regions, and 2 different open reading frames 
encoding for a putative serinelthreonine phosphatase and a putative ras-related protein, racG. We predict that these intergenic regions 
contain polyadenylation and cleavage signals for the 2 open reading frames and initiator elements for the ~-tubulin genes. Our research 
demonstrates the use of splinkerette PCR as a valuable tool to identify unknown DNA sequences. In addition, the identification of the 
regulatory elements necessary for gene transcription in H. meleagridis will provide tools for future studies on its gene expression. 
Blackhead disease is caused by the protozoan Histomonas 
meleagridis (Tyzzer and Fabyan, 1922). The disease manifests in 
gallinaceous birds as necrotic liver lesions, caseous secretions of the 
ceca, and sulfur-colored droppings. All treatment drugs have been 
banned due to residual health concerns with only 1 preventative 
feed additive, 4-nitrophenylarsonic acid (nitarsone), still on the 
market in the United States (McDougald, 2005). Limited genetic 
information exists for H. meleagridis, making molecular study 
aimed at identifying virulence factors and targets for immunization 
essential to finding a means of prevention or treatment for this 
disease. Based on sequence information available for small subunit 
(SSU) RNA, the internal transcribed spacer (ITS)-1 region, and 
SSU rDNA genes, and on glyceraldehyde-3-phosphate dehydro-
genase (GAPDH), enolase, and rx- and ~-tubulins, H. meleagridis is 
classified in the phylum Trichomonadae, class Tritrichomonadea, 
order Tritrichomonadida, and family Dientamoebidae (Cepicka 
et aI., 2010). 
Published molecular sequence data in H. meleagridis is limited 
to a small number of sequences including ribosomal and protein 
coding genes. Ribosomal genes include the ITS-l region, 5.8S 
region, ITS-2, partial 18S ribosomal RNA, partial 28S ribosomal 
RNA, and the SSU ribosomal RNA gene (Felleisen, 1997; 
Gerbod et aI., 2001). Complete protein coding sequences are 
known for 3 hydrogenosomal proteins and 3 rx-actinins (Mazet 
et aI., 2008; Leber! et aI., 2010). Partial sequences include 37 
cDNA sequences that encode for proteins involved in ribosomal 
structure and biogenesis, cytoskeleton, metabolism, cell signaling, 
and oxidative stress, as well as members of the ~-tubulin, 
rx-tubulin, GAPDHs, and enolase families (Bilic et aI., 2009; 
Hauck and Hafez, 2009; Cepicka et aI., 2010). These genes have 
been identified through homology to genes identified in other 
protozoa, or by the sequencing of H. meleagridis cDNA library 
clones (Mazet et aI., 2008; Bilic et aI., 2009). Mazet et al. (2008) 
previously tried to identify the 3' region of hydrogenosome 
mRNA by using oligo(dT) primers in a PCR-based approach, but 
they were unable to discern anything from their short sequences 
«34 base pairs [bpJ). These approaches do not yield DNA 
sequence information for the noncoding portions of the gene. 
Thus, no information for the noncoding regions of the gene is 
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available for H. meleagridis gene regulatory elements, such as 
promoters, initiator elements, TAT A boxes, polyadenylation, and 
cleavage signals. 
Here, we use splinkerette PCR to identify upstream and 
downstream sequences of 2 ~-tubulin genes in H. meleagridis 
(Devon et aI., 1995). This technique, which is a version of PCR 
genome walking, uses DNA adaptors elements ligated to 
restricted genomic DNA. Splinkerettes adaptors are a variation 
on vectorettes, but they have a mismatch that forms hairpin 
structures to decrease end-repair priming and nonspecific priming 
(Hengen, 1995). Primers designed to detect the adaptor and 
known genomic sequences allow the PCR amplification of 
targeted regions of genomic DNA. Using this technique, partial 
sequences for 2 ~-tubulin genes, and 2 partial open reading frames 
(ORFs) encoding for a putative serinelthreonine (Ser/Thr) 
phosphatase and a putative ras-related protein, racG, were 
identified. 
MATERIALS AND METHODS 
Culturing of H. meleagridis 
A H. meleagridis isolate from a backyard poultry flock located in 
Buford, Georgia, U.S.A., was passed in vitro in modified Dwyer's medium 
containing 85% M199, 10% non sterile deactivated horse serum, 0.1% 
sodium bicarbonate, and 1 % rice powder (van der Heijden and Landman, 
2007). Cultures were grown at 40 C. 
135 
DNA isolation and splinkerette PCR 
DNA was isolated from H. meleagridis cultures by using a DNeasy kit 
(QIAGEN, Valencia, California) according to manufacturer's instruc-
tions. Splinkerette PCR method was adapted from Horn et al. (2007). We 
digested 0.5 mg of H. meleagridis DNA with ApoI, BamHI, EcoRI, or 
XbaI restriction endonucleases (MBI Fermentas, Hanover, Maryland) 
followed by ligation to lOng of an adaptor consisting of oligonucleotides 
(oligos) SpA and SpBb_ApoI for ApoI and EcoRI, adaptors consisting 
oligonucleotides SpA and SpBb_BamHI for BamHI, and adaptors 
consisting of SpA and SpBb_XbaI for XbaI (Table I) by using T4 DNA 
ligase (MBI Fermentas). 
PCR amplification of ApoI- and XbaI-restricted and adaptor-linked 
DNA was performed under the following conditions. The first round of 
PCR was carried out in a 25-fil reaction containing 12.5 fil of Dream Taq 
Green Master Mix (MBI Fermentas), 0.4 fig ofligated DNA, primer SpOF 
(5 pg), and primer htubOR (5 pg) (designed based on the DNA sequence 
from the partial H. meleagridis ~-tubulin gene from strain 1297 clone 5, 
GenBank accession FJ624294; Hauck and Hafez, 2009) for the ApoI 
reaction and primer btubOR (5 pg) for the XbaI reaction. Cycling 
parameters for the amplification were 94 C for 2 min, 3 cycles of 94 C for 
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TABLE I. Oligonucleotides and primers used in splinkerette PCR. 
Sequence 
Oligos 
SpA 
SpBb_ApoI 
SpBb_XbaI 
SpBb_BamHI 
CGAAGAGTAACCGTTGCTAGGAGAGACCGTGGCTGAATGAGACTGGTGTCGACACTAGTGG 
AATTCCACTAGTGTCGACACCAGTCTCTAATTTTTTTTTTCAAAAAAA 
CTAGCCACTAGTGTCGACACCAGTCTCTAATTTTTTTTTTCAAAAAAA 
GATCCCACTAGTGTCGACACCAGTCTCTAATTTTTTTTTTCAAAAAAA 
Primers 
SpOF 
SplF 
htubOR 
htublR 
btubOR 
btublR 
btubOF 
btublF 
CGAAGAGTAACCATTACTAGGAGAGACC 
GTGGCTGAATGAGACTGGTGTCGAC 
TGCCACCACCAAGAGAGTGAACAAG 
TGGGTGTGGTGAGCTTTAAGGTACG 
ACCATATGTGGGTGTGGTGAGCTT 
TTACCAGCACCAGATCGACCGAAA 
ATGGTCAGAGAGATTGTTCACCTCC 
CCAATGTGGTAACCAAATCGGCG 
20 sec, 64 C for 15 sec, and 72 C for 5 min, followed by 30 cycles of 94 C 
for 20 sec, 58 C for 15 sec, and 72 C for 3 min, with a final extension 
period at 72 C for 10 min. The PCR reactions were diluted with 50 ~l of 
nuclease-free water. 
The nested PCR was performed using a 25-1ll reaction containing 12.5 III 
of Dream Taq Green Master Mix, 1 ~l of dilute first round PCR product, 
primer SplF (5 pg), and primer htublR (5 pg) (designed based on the 
DNA sequence for GenBank accession FJ62493; Hauck and Hafez, 2009) 
for the ApoI reaction and primer btublR (5 pg) for the XbaI reaction. 
Cycling parameters for amplification of the second PCR product were 94 C 
for 2 min, 35 cycles of 94 C for 20 sec, 60 C for 15 sec, and 72 C for 3 min, 
with a final extension period at 72 C for 5 min. 
PCR amplification of EcoRI-restricted DNA was performed (MBI 
Fermentas) by using 10 III of 5x LR buffer, 25 ng of dNTPs, 5 ng of 
primer SpOF, 5 ng of primer btubOR, 1 ~l of dimethyl sulfoxide, 0.7 ~l of 
XL PCR enzyme mix, 0.25 ~g of the EcoRI DNA ligation, and nuclease-
free water up to 25 Ill. First-round XL PCR was run with the parameters 
of 1 cycle of 92 C for 2 min, 10 cycles of 92 C for 10 sec, 63 C for 15 sec, 
and 68 C for 2 min, 25 cycles of 92 C for 10 sec, 63 C for 15 sec, and 68 C 
for 2 min + 20 sec/cycle, with a final elongation of 68 C for 7 min and hold 
at 4 C. XL PCR product was diluted in 50 ~l of nuclease-free water. XL 
PCR product was diluted in 50 ~l of nuclease-free water, and a second 
round of XL PCR was performed the same reagents as the first round 
except 1 III of dilute XL PCR product was added instead of the digested 
and adapted DNA primers SplF and bTublR. The PCR was performed 
using the same cycling parameters as in the first round of XL PCR. The 3' 
region of ~-tubulin-2 was amplified using the Splinkerette PCR method 
described above using primers bTubOF and bTublF and H. meleagridis 
DNA restricted with EcoRI and ligated to oligos SpA and SpBb_Apol. 
PCR amplicons were separated by gel electrophoresis using a 1 % 
agarose gel containing ethidium bromide, and they were visualized by UV 
light. Amplicons were gel purified (MBI Fermentas), cloned into a pDrive 
vector (QIAGEN) per the manufacturer's instructions (Qiagen), and 
sequenced by The Georgia Genomics Facility (University of Georgia, 
Athens, Georgia) by using T7 and SP6 promoter primers. 
Sequence analysis 
Sequences were run through the Blastx or Blastn program with default 
settings (http://www.ncbi.nlm.nih.gov/blastl). Nucleic acid sequences were 
aligned using ApE, A Plasmid Editor (http://biologylabs.utah.eduljorgensenl 
wayned/ape/). Amino acids (aa) were aligned manually. 
RESULTS 
To identify upstream sequences of the H. meleagridis ~-tubulin 
gene, splinkerette peR was performed on DNA digested with 
Digestion (Apol, Xbal, and EeoRI) 
Ligation to splinkerette adaptors (SpIA) 
--+--+ +-+- --+--+ +-+-
peR 
FIGURE 1. Graphical representation of splinkerette PCR. Ligation of splinkerette adapters to digested genomic DNA allows for PCR amplification 
of nested sequences of DNA when used in conjunction with primers against known sequences. Arrows symbolizes the relative position of the primers 
used in this study. 
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A. 
Xbal TAA Apol ATG 
129bp 220bp 330bp 437bp 
B. 
-TACTATTGAG ~GATTT TTCGAAACGA ATCATAAAGA TTTCTTTTAT 
CTCTTAACCA ACCTTTAGAA GTTGAACCAG CTTCATTAAG CTTTCGGAAA 
AGAACTAATT CATCAAATAA AGGAACTAAA AATGACCTAA AATTGTTAAG 
CCTATCAGTG ATGAAGGTAC GTTTAACATT TTGAAGATAA ATTTATGAAA 
A. ~ 
TTTCAGAGAA ATACGTTTTA ATTTATTTTT AGAATGGTGC GTGAAATTGT 
FIGURE 2. ~-Tubulin-l from Histomonas meleagridis. (A) Graphical representation of the. identified genomic structure of the btubl gene. 
(B) Nucleotides of the intergenic region beginning 10 base pairs (bp) upstream the stop codon of the Ras-related open reading frame (ORF) to 14 bp 
downstream of the start codon of btubl. The potential initiator element is underlined. The triangle marks the putative site for transcription initiation. 
Black rectangle marks the stop codon of the Ras-re1ated ORF. Black oval marks the start codon of the btubl gene. Boxed area is the putative 
polyadenylation signal of the Ras-related ORF. 
btubl 
btub2 
btubl 
btub2 
btubl 
btub2 
btubl 
btub2 
btubl 
btub2 
btubl 
btub2 
btubl 
btub2 
btubl 
btub2 
ATGGTIIGTG ~TTGTTCA CCTCCAAGCA GdlCAATGTG ~ACCAAAT 
ATGGT ·GAG TTGTTCA CCTCCAAGCA G ~CAATGTG G ~CCAAAT 
CGdlGdlA~ TTCTGGGAAG 
CG G A TTCTGGGAAG 
TTAITCAGA 
TTA TCAGA 
TGAAC~GGI ATTG~CAA 
TGMCA ~GG ' ATTG· CAA 
dlGGTTCATT ICATGdlGAT AGTGATCTTC AATTAGAAAG AAT~CGTT 
C GGTTCATT 'CATG . GAT AGTGATCTTC AATTAGAAAG AAT CGTT 
TAgTACAACG AAGCCACTGG TGGTAAGTAI GTmCCACGTG CTGTCCTTGT 
TAiTATAACG AAGCCACTGG TGGTAAGTAI GTICCACGTG CTGTCCTTGT 
IGATCTTGAA CCAGGTAqmA TGGATGCAGT TCGTGCAGGI CAATATGGIC 
IGATCTTGAA CCAGGTAdiA TGGATGCTGT TCGTGCTGGI CAATATGGIC 
AATTATTCCG CCCAGATAAC TTC 
AATTATTCCG CCCAGATAAC TTC 
TTCG GTq&ATCTGG TGCTGGTAA 
TTCG GTCiATCTGG TGCTGGTAA 
FIGURE 3. Nucleotide alignment of 100 base pairs (bp) of noncoding sequence upstream of the start codon (underlined) and 300-bp coding sequence 
ending at the btublR primer sequence (boxed) of btubl and btub2 of Histomonas meleagridis. Shading denotes differences in nucleotides. 
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A. 
EeaRI TAA ATG EeaRI 
375bp 434bp 334bp 901bp 
B. 
-AAAACTACCT ITAAAtAGTTA ATACATTTCA AGTTTTTTTT ATTTGTGGAT 
AACATTTATT TTATGAAGTT TCGTGTTATG ATTAAAAATG GTAATGGAAT 
ATCGATCAAT TTCTTGATTT TTATTATTTT AATAATACTT AAAAATATTA 
AGTAATGAGT GAAATTATTT TATACGGCAC TAATAATTTT AAATTTTGTA 
AACAAAAAAT TTCTAAATTA AATCATTAGA AAATATAATT TCCTTAATCA 
AATAATATAT CAAATAAAAA AGAGTATATT TTTATTAAAG GTTTCTTTTT 
GTGAACCGAT GATTTAGCTA AACACTTTGC GATATGTGTA CTTAAAGTTG 
CTCGATAAAT GTTTATAAAT AATTAACGGT CGAGTGGTTT TGTGTTTAAC 
.... .... ~ 
ACTTTTTCAA GAGGAAAATT CAAATTAAAC CGTTTTTGAC TTCACAAATG 
C. 
btubl 
btub2 ATCAAA 
FIGURE 4. 13-Tubulin-2 from Histomonas meleagridis. (A) Graphical representation of the identified genomic structure of the btub2 gene. 
(B) Nuc1eotides of the intergenic region beginning 10 base pairs (bp) upstream the stop codon of the serinelthreonine (SerfThr) phosphatase-related open 
reading fame (ORF) to 10 bp downstream of the start codon of btub2. Black rectangle marks the stop codon of the Serffhr phosphatase-related ORF. 
Boxed area is the putative polyadenylation signal of the Serffhr phosphatase-related ORF. (C) Region of consensus sequence in intergenic regions. 
Shading denotes differences in nuc1eotides. 
Apol and ligated to splinkerette adaptors (Apo-SpIA) (Fig. 1; 
Hengen, 1995; Hauck and Hafez, 2009). The PCR reaction 
yielded an amplicon of 375 bp that included a sequence 
homologous to the ~-tubulin gene from strain 1297 (clone 5, 
GenBank accession FJ624294ATG), a new coding sequence that 
included the start codon, and 42 bp of an upstream noncoding 
sequence (Fig. 2). Here, we refer to this amplicon as btubl. 
When comparing these results to known promoter lengths of 
genetically similar organisms, such as Trichomonas vaginalis and 
Giardia lamblia, it was unlikely that the 42 bp contained the 
complete promoter. Oligos and primers were redesigned to 
identify upstream sequence, and splinkerette PCR was per-
formed on DNA digested with Xbal and BeoRI and ligated to 
splinkerette adaptors (Xbal-SpIA and EcoRI-SpIA). An ampli-
con of 632 bp was obtained using Xbal-SpIA, and an amplicon 
of 1108 was obtained for EcoRI-SpIA. Sequence analysis of the 
Xbal-SplA amplicon showed an overlapped with the Apol-SplA 
sequence and provided an additional 307 bp of upstream 
sequence. Sequence analysis of the 761 bp of overlapping 
sequence identified an ORF of 129 bp, a 220-bp intergenic 
region, and the start codon for the ~-tubu1in gene plus an 
additional 330 bp of new ~-tubulin coding sequence (Fig. 2A, B; 
GenBank accession JN390974). 
Sequence comparison of the EcoRI-SpIA amplicon showed 
varying overlap with the entire Apol-SplA and Xba-SpiA 
~-tubulin composite sequence with limited sequence similarity 
seen upstream of the start codon and 90% similarity seen in the 
299 bp of the overlapping ~-tubulin coding sequences (Fig. 3). 
Analysis of the EcoRI-SpIA sequence revealed an ORF of 375 bp 
at the beginning of the sequence, a 434-bp intergenic region, and 
299 bp of ~-tubulin coding sequence that includes the start ATG 
(Fig. 4). Based on the differences in intergenic and ORF 
nucleotide sequences, we refer to the EcoRI-SpIA sequence that 
encodes for a ~-tubulin as btub2. 
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FIGURE 5. Alignment of the amino acid sequences for the Trichomonas vaginalis (TV) and Giardia lamblia (Gl) ~-tubulins with H. meleagridis btubl 
(Hm!) and H. meleagridis btub2 (Hm2). Shading denotes differences in amino acids. Dashes mark misalignments, and periods signify lack of sequence. 
To determine downstream sequence variation between btubl 
and btub2, splinkerette PCR was performed on EcoRI-SplA 
DNA by using primers that amplify downstream sequence specific 
to btub2. An amplicon of 1168 bp was identified that overlapped 
with the original EcoRI-SpIA amplicon (Fig. 4A; GenBank 
accession JN390975). This overlapping sequence coded for a 
~-tubulin protein of 400 amino acids but lacked the stop codon, 
suggesting that the full coding sequence had not been identified. 
DNA sequence comparison between the btub2 sequence and 
known H meleagridis partial ~-tubulin sequences revealed a 99% 
identity over the 437 bp associated with strain 542, clone 4 
(GenBank accession FJ624277; Hauck and Hafez, 2009). 
Comparison of the amino acid sequences obtained for btubl 
(256 aa) and btub2 (400 aa) to each other and representative 
member of the ~-tubu1in family for T vaginalis (GenBank 
accession AAA67546; Katiyar and Edlind, 1994) and G. lamblia 
(GenBank accession XP _001707375; Morrison et aI., 2007) 
showed a high degree of sequence homology (Fig. 5). btubl had 
a 98% aa identity with btub2 (2511256 aa), an identity of 93% 
(237/256 aa) with T vaginalis and an 80% (206/256 aa) with G. 
lamblia. btub2 had a 95% (380/400 aa) identity with T vaginalis 
and an 80% (323/400 aa) identity with G. lamblia. 
To identify the proteins encoded for by the ORFs found 
upstream of the ~-tubulin genes, Blastx was performed on these 
sequences. The ORF upstream of btub2 encoded for a protein with 
high homology with a SerlThr protein phosphatase from T 
vaginalis (GenBank accession XP _001330801) with an E-value of 
le-47 and 73% identity over 124 aa (Fig. 6; Carlton et aI., 2007). 
This ORF showed homology with the last 124 aa of the C-terminal 
portion of the total 339 amino acid SerlThr protein phosphatase 
sequence, suggesting that only a portion of this gene was identified. 
The ORF upstream of btubl encoded for a protein with low 
homology with the C-terrninal end of a RAS-related protein, racG, 
from T vaginalis (GenBank accession XP_001305646), with an 
E-value of 0.78 and a 41 % identity over 46 aa (Carlton et aI., 2007). 
This ORF also overlaps with the C-terminal portion of the protein. 
Based the presence of an upstream ORF with a stop codon and 
a consensus start codon for each of the ~-tubulin genes, the 
intergenic sequences identified should contain promoter elements 
for each ~-tubulin gene and the polyadenylation and cleavage 
signals for the upstream ORFs. Using the consensus eukaryotic 
initiator element (lnr) sequence of YYA+1NWYY (Y=CIT, 
N=GIAlTIC, W=AIT), a putative Inr with the sequence of 
TT ATTT was identified 4 bp upstream of the start codon of 
140 THE JOURNAL OF PARASITOLOGY, VOL. 98, NO.1, FEBRUARY 2012 
Tv PIEGm1GV~fGEDV~i'I:E'F~LNGLTC::M~RSKQLCMNGN:::eT~~~GKC I T IWSAPNFNQWI QNA 62 
Hm PIENfZBGY;PFGEPK:iG9~JnHDNGLSE:I1RSKQLCMNGH:1NMFNGKCITVWPAPNFCQWIQNA 62 
Tv ASVVQMY ~PT SQFGQKSDt;2KFP::bM;-ENTYAARPE SERI ERI!:rRPPFQIWHS LDH I Y I KHLPKYf' 124 
Hm ASVVQMHAQt,SQFGQKGGS~~m:J:':iNTFkARPESERIEQimpPFXBVHSLDHIYIKHLPKL~ 124 
FIGURE 6. Alignment of amino acid (aa) sequences for the last 124 aa of the serinelthreonine protein phosphatase of T. vaginalis (Tv) (GenBank 
accession XP _001330801) and 124 aa of the open reading frame from Histomonas meleagridis (Hm). Shading denotes differences in amino acids. 
btubl (Fig. 2B). Using the same parameters for the intergenic 
region of btub2, 2 possible overlapping Inrs were identified 
(Fig. 4B). One Inr is 16 bp upstream of the start site with a 
sequence of TTAAACC, and the other Inr is 21 bp upstream of 
ATG, with a sequence of TCAAATT. Analysis of the 2 ~-tubulin 
intergenic regions found a consensus sequence of approximately 
24 bp (Fig. 4C). Similarly to the polyadenylation signal for T. 
vagina lis (Espinosa et a!., 2002), both upstream ORFs contain 
TAA stop codons followed by an additional A. We also observed 
a TTTC in both sequences 6-12 bp downstream of the TAAA 
associated with each ORF (Figs. 2C, 4C). 
DISCUSSION 
The present research demonstrates that splinkerette PCR, a 
type of ligated adaptor PCR, can be used to amplify unknown 
sequences of genomic DNA in an un sequenced trichomonad 
species. Using this technique, the 5' intergenic region of both 
btubl and btub2 and the 3' region of the btub2 gene of H. 
meleagridis were identified and sequenced. In addition, 2 ORFs 
that show homology to T. vagina lis proteins racG and Ser/Thr 
phosphatase were identified upstream of the btubl and btub2 
genes. We propose that the intergenic regions found upstream of 
the ~-tubulin genes contain regulatory elements for the transcrip-
tion of the ~-tubulin genes and the polyadenylation and cleavage 
signals for the 2 upstream ORFs. This work also demonstrates 
that splinkerette PCR will be useful technique in future studies 
aimed at isolating unknown DNA sequences flanking known 
sequences in organisms in which little genetic information is 
available and bacterial artificial chromosome and yeast artificial 
chromosome libraries have not been established. 
The original study on ~-tubulin of H. meleagridis contained 
21 different nucleic acid sequences and unique 11 translation 
sequences (Hauck and Hafez, 2009). However, these were only 
partial sequences of the gene, so it was unknown whether the 
variations in sequence they observed were due to differences 
between sequences of I ~-tubulin gene or the presence of multiple 
~-tubulin genes within the H. meleagridis genome. Our work 
expanded upon their sequence information by providing upstream 
sequence information that definitively identified at least 2 
~-tubulin genes in the H. meleagridis genome. Future experiments 
using splinkerette PCR could test other variants of the ~-tubulin 
gene deposited in GenBanks to determine the precise number of 
~-tubulin genes in H. meleagridis. Research in closely related 
sequenced organisms has identified 6 to 7 ~-tubulin genes in T. 
vaginalis and 3 copies in G. lambia, suggesting that the multiple 
sequences Hauck and Hafez (2009) identified may code for more 
than 2 ~-tubulin genes in the H. meleagridis genome (Kirk-Mason 
et a!., 1989; Katiyar and Edlind, 1994; Carlton et a!., 2007). 
The identification and testing of transcription regulatory 
elements is important for further study of virulence factors and 
other genetic information of H. meleagridis. Unlike metazoans 
that can have transcription regulatory elements far away from 
the beginning or end of the coding regions, protozoans have 
expression elements within their short intergenic regions 
(Vanacova et a!., 2003). This suggests that the inter genic 
regions of btubl and btub2 contain all of the regulatory 
elements. Similar to other protozoans, no TATA elements were 
observed. Instead, putative Inrs were found providing a place 
for the binding of RNA polymerase II. Inrs are common 
among almost all metazoans and have a consensus sequence of 
YY A +INWYY. Comparison of these sequences to another 
member of the Dientamoebidae family (Dientamoeba, Ptro-
trichomonas, or Parahistomonas) is not possible due to limited 
DNA sequence information available for these organisms. In T. 
vaginalis, the 1m sequence has been further been characterized 
as TCA+1YTWYTCATTA (Y=C/T, N=G/A/T/C, W=A/T), 
and G. lamblia's 1m is ATTTTA+IAAAT (Quon et a!., 1994; 
Yee et a!., 2000). Mutation analysis, coupled with transfection 
studies, will need to be performed to conclusively confirm the 
1m sequences proposed for btubl and btub2. With the 
variation in DNA sequences associated with the intergenic 
regions upstream of the ~-tubulins, it will be interesting to 
analyze the differences in transcription levels. Interestingly, we 
observed a large consensus sequence (Fig. 4C) in both 
intergenic regions, suggesting this could be a cis-acting 
regulatory element required for the expression of both ~­
tubulin genes. This sequence has not been identified previously 
as a cis-regulatory element. 
The identification of the 3' end of2 upstream ORFs allowed the 
analysis of potential polyadenylation and cleavage signals associ-
ated with H. meleagridis transcription. Similar to T. vaginalis, a 
T AAA was observed in the both ORFs, leading us to believe this is 
a putative polyadenylation signal used in H. meleagridis as well 
(Espinosa et a!., 2002). Although this sequence was similar, we did 
not observe the consensus T. vaginalis cleavage signal of an AA TT. 
Instead, a conserved sequence of TTTC was observed in both 
sequences. More sequences 3' to a coding region must be identified 
and sequenced to determine whether this is a cleavage signal for H. 
meleagridis and whether the T AAA motif is used as a polyadenyl-
ation signal in H. meleagridis. 
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HUMAN NEUROCYSTICERCOSIS: IN VIVO EXPANSION OF PERIPHERAL REGULATORY T 
CELLS AND THEIR RECRUITMENT IN THE CENTRAL NERVOUS SYSTEM 
Laura Adalid-Peralta*, Agnes Fleury*, Teresa M. Garcfa-Ibarrat, Marisela Hernandezt, Michael Parkhouset, 
Jose Carlos Crispfn§, Jefferson Voltaire-Proanoll, Graciela Cardenast, Gladis Fragosot, and Edda Sciutto*t# 
Instituto Nacional de Neurologfa y Neurocirugfa, Insurgentes Sur 3877, Col. La Fama, Mexico O.F. 14269, Mexico. e-mail: edda@servidor.unam.mx 
ABSTRACT: Human neurocysticercosis (NC) is caused by Taenia solium larvae lodged in the central nervous system. Most cases occur 
with no, or mild, neurological symptoms. However, in some patients, neuroinflammation is exacerbated, leading to severe forms of the 
disease. Considering the critical role of regulatory T cells (Tregs) in balancing inflammation in chronic diseases, their participation in 
restraining the inflammatory response in NC was explored in the present study. The frequency of Tregs and their relationship with the 
level of the proliferative response, the level of activated lymphocytes, and the cytokines expressed were determined in severe NC patients 
compared with those from healthy donors. Significantly increased peripheral Tregs (CD4+CD25high and CD4+CD25h,ghFoxP3+, 
CD4+CD25h,ghCTLA4+, and CD4+CD25h,gh ILlO+) and a significant decrease in activated (CD38+ and CD69+) T cells were observed in 
19 NC patients versus 10 healthy subjects. Significantly increased Tregs in NC are accompanied by a depressed specific, and non-specific, 
lymphocyte proliferative response, and they negatively correlate with activated CD4+CD69+ lymphocytes. Treg frequencies were also 
determined in cerebral spinal fluid for 8 of the 19 NC patients. A positive significant correlation between peripheral and local Tregs was 
observed. Here, we report for the first time data that support the possible contribution of local and systemic Tregs in limiting 
neuroinflammation in NC. 
Acute and chronic inflammation play a significant role in the 
pathogenesis of many infectious and non-infectious diseases (Zipp 
and Aktas, 2006; Kellum et al., 2007; Costantino et al., 2008; Infante-
Duarte et aI., 2008; Sgambato and Cittadini, 2010). Inflammation is 
the hallmark in a variety of neuropathological diseases. Human 
neurocysticercosis (NC), caused by Taenia solium metacestode larvae 
located in the central nervous system (CNS), is not an exception (Del 
Brutto et aI., 1988; Sotelo and Del Brutto, 2002; Fleury et al., 2004). 
Most NC cases occur in developing countries of Latin America, Asia, 
and Africa (Sciutto et al., 2000; Sotelo and Del Brutto, 2002; Garcia 
et al., 2003). However, NC prevalence has progressively increased in 
developed countries of North America and Europe due to 
immigration from areas of the world where the disease is endemic 
(Croker et al., 2010; Sorvillo et aI., 2011). 
Taenia solium enters the host's brain as migratory microscopic 
oncospheres, where they develop into the metacestode stage 
(cysticercus) in just a few months, causing neurocysticercosis (Sciutto 
et aI., 2000; Saenz et aI., 2008). Cysticerci diameters are generally 1-
2 em in the brain parenchyma and sulci, but they may exceed 5 em at 
the subarachnoid basal cisterns or the Sylvian fissure. It is 
noteworthy to mention how often such large parasites are able to 
survive for years without provoking any inflammation (Dixon and 
Lipscomb, 1961). Neurological symptoms are observed only when 
an uncontrolled inflammatory response is detected in the cerebral 
spinal fluid (CSF) (Fleury et al., 2004; Chavarria et aI., 2005). One of 
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the factors critically involved in this heterogeneous inflammatory 
response is the parasite location within the CNS. Indeed, when the 
parasite is located in the parenchyma or in the subarachnoid space 
(SA) ofthe sulci, most patients exhibit a benign clinical presentation, 
with low, or almost no, inflammation in CNS. In contrast, when the 
parasite is located in the SA at the skull base or in the ventricles, it 
appears to cause severe intracranial hypertension (hydrocephalus), a 
life-threatening complication associated with an exacerbated inflam-
matory response, or CSF mechanical obstruction (Fleury et aI., 
2004), which requires immediate surgical intervention (ventriculo-
peritoneal shunt). Due to the strong association between inflamma-
tion and NC severity, treatment often combines cysticidal drugs 
(albendazole, or praziquantel, or both) with corticosteroids (usually 
prednisone or dexamethasone) to destroy the parasite and moderate 
the host perilesional inflammatory response (Garcia et aI., 2002; 
Serpa et aI., 2006; Jung et aI., 2008). Unfortunately, these treatments 
sometimes fail in completely clearing cysticerci, or controlling 
inflammation, or both. Furthermore, severe cases sometimes become 
chronic and may need a prolonged treatment with high doses of 
corticosteroids, which may cause undesirable side effects (Jung et aI., 
2008). The development of an inflammatory response in the CNS 
and its response to treatment widely vary among patients. Several 
factors, i.e., immune-regulatory mechanisms and hormones, which 
probably depend on individual features of the affected host, may 
down-regulate, with differing efficacy, the immune-inflammatory 
response during NC. 
Recently, a novel mechanism to modulate the inflammatory 
immune response via regulatory T cells (Tregs) was proposed. 
These anti-inflammatory cells are generated during infectious and 
non-infectious diseases (Belkaid and Tarbell, 2009). These results 
prompted the present study, in which CSF and blood specimens 
from corticosteroid-treated and non-treated NC patients were 
studied to assess the possible participation of Tregs in controlling 
brain inflammation. 
MATERIALS AND METHODS 
Neurocysticercosis patients: Disease characterization 
and sampling 
Samples from 19 patients at the Instituto Nacional de Neurologia y 
Neurocirugia and Centro Medico Nacional Siglo XXI in Mexico City with 
confirmed neurocysticercosis diagnosed by clinical and radiological 
studies were included in this study. Blood samples were collected from 
all 19 patients, and about 2 ml of CSF were obtained by lumbar puncture 
from 8 patients only. 
Parameters measured in the peripheral blood are considered as 
representative of the peripheral compartment, and parameters measured 
in CSF are considered as representative of the local compartment (where 
the parasite is located). 
Vesicular parasites were observed at the basal cisterns or in the ventricles 
in II patients. Magnetic resonance images (MRI) compatible with the 
presence of vesicular cysticerci were obtained in 4 patients. Vesicular 
parasites in the subarachnoid sulci were found in 1 patient, and only 
calcified parasites could be detected in 3 patients. The 8 patients whose CSF 
analyses were included in this study had vesicular parasites located in the 
subarachnoid cisterns at the base of the brain or in the ventricles. Blood 
samples from 10 healthy subjects were included as controls. 
In all cases, NC was diagnosed based on clinical manifestations 
(seizures, focal deficit, and intracranial hypertension) and radiological 
studies such as MRI and computed tomography (CT). 
Six patients (all males; mean age: 40.4, standard deviation: 8.5) were 
included without any previous treatment at sampling. Most of them (5/6) 
had been recently diagnosed and received treatment (corticosteroids + 
anthelminthic) after sampling. Another 13 patients (9 male and 4 female; 
mean age: 41.8, standard deviation: 14.9) had received corticosteroids for 
several weeks for inflammation treatment (particularly hydrocephalus, 
arachnoiditis, and arteritis) prior to sampling. None of them received 
anthelminthic treatment near to sampling, although 11 patients had been 
previously treated with an anthelminthic drug. 
Ethical considerations 
The present study fulfilled all regulations for research with human 
subjects required by Mexican law and international regulations. It also 
complied with all ethical aspects considered in the General Rules of Health 
for Clinical Investigation. The protocol was approved by the ethics 
committee at Centro Medico Nacional Siglo XXI, Mexico, and written 
informed consent was obtained from all participants. Patients were 
informed that sera and CSF samples obtained would be used for this 
work. 
Lymphocyte proliferation 
Peripheral blood mononuclear cells (PBMCs) were recovered from 10 ml 
of venous blood from each patient by Ficoll-Hypaque (Amersham Life 
Sciences, Little Chalfont, U.K.) following a previously described 
procedure (Chavarria et al., 2006). After washing, 1.5 X 105 cells were 
incubated in 200 J.Ll of RPMI Medium 1640 (Gibco BRL, Grand Island, 
New York) supplemented with 10% human AB type serum and stimulated 
with either concanavalin A (Con A), 0.5 /-lg/well (Sigma, St. Louis, 
Missouri), or T. solium cysticercal antigen (10 /-lg/well) as previously 
described (Chavarria et aI., 2006). A non-symptomatic NC patient was 
included as a positive control for parasite-specific response, considering 
the information previously obtained (Chavarria et aI., 2006). Cysticerci 
antigens were obtained from T. solium-infected pigs. After 6 days of 
culture, 1 /-lCi of methyl-[3Hjthymidine (Amersham Life Sciences) was 
added for 18 additional hr. Cells were harvested onto glass-fiber filter 
papers, and the amount of incorporated label was measured in a 1205-~ 
spectrometer (Wallac, Oy, Turku, Finland). 
Flow cytometry 
For flow cytometric analysis, freshly isolated PBMCs or CSF cells were 
stained with the following monoclonal antibodies: mouse anti-human 
CD3 FITC (isotype IgG2a, k), mouse anti-human CD4-PerCP-Cy5.5 
(isotype IgGl, k), and mouse anti-human CD25 APC (isotype IgGl, k), 
plus 1 of the following antibodies for intracellular staining, mouse anti-
human CD152 PE (isotype IgG2a, k), rat anti-human FoxP3 PE (isotype 
IgG2a, k) (eBioscience, San Diego, California), or rat anti-human IL-lO 
PE (isotype IgG1k) (eBioscience). Cells were prepared for intracellular 
staining using the BD CytofixlCytoperm kit (most antibodies used for 
staining were purchased from BD Pharmingen, San Jose, California). All 
antibodies employed in this study were employed using the manufacturer's 
recommended concentration. 
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For cytometry analyses, cells were first gated according to CD4 
expression and forward-side scatter properties. Treg numbers were 
defined as the fraction of FoxP3+CD25h1ilh, CTLA4+CD25h1gh, or IL-
1O+CD25high cells among total CD4 T cells. For Tregs detected by the 
expression of CD4+CD25high, cells were gated according to forward and 
side light-scattering properties. To assess lymphocyte activation, PBMCs 
were stained with mouse anti-human CD3 FITC (isotype IgG2a, k), 
mouse anti-human CD4-PerCP-Cy5.5 (isotype IgG1, k), and mouse anti-
human CD8 APC (isotype IgG1, k), plus either mouse anti-human CD69 
PE (isotype IgGl, k) or mouse anti-human CD38 PE (isotype IgGl, k). 
All antibodies used for staining were purchased from BD Pharmingen. 
Cells were gated according to forward and side light-scattering 
lymphocyte properties; the frequency of double-positive cells was then 
determined. Appropriate isotype controls were processed in parallel with 
all samples. 
Cytokines 
Cytokine levels in serum from NC patients and healthy donors, and 
CSF samples from NC patients were measured in a FACSCalibur using 
ThlITh2 Cytometric Bead Array Cytokine Kit II (BD eBiosciences 
Pharmingen), according to the manufacturer's instructions. Data were 
analyzed with BD Cytometric Bead Array software. A flow cytometer was 
calibrated using BD FACSComp and BD CaliBRITE Beads (BD 
Biosciences Pharmingen). Th1 cytokines were IL-2, IFN-y, and TNF-cx, 
and Th2 cytokines were IL-4, IL-6, and IL-lO. Assay sensitivities were set 
as follows: IL-2 (2.6 pg/ml), IL-4 (2.6 pg/ml), IL-6 (3.0 pg/ml), IL-lO 
(2.8 pg/ml), TNF-cx (2.8 pg/ml), and IFN-y (7.1 pg/ml). TGF-~ was 
measured using the human/mouse TGF-~l ELISA Ready-SET-Go 
(eBiosciences). This ELISA includes a heat and acid treatment to measure 
all TGF-~l isoforms. The ELISA was performed in duplicate according to 
the manufacturer's instructions. Detection limit was 60 pg/ml. 
Detection of vasoactive intestinal peptide 
It has been observed that the anti-inflammatory vasoactive intestinal 
peptide (VIP), an endogenous neuropeptide, is produced during neurode-
generative disorders (Delgado et al., 2008). VIP induces a subpopulation 
of immature dendritic cells that are able to promote the differentiation of 
Tregs both in vitro and in vivo (Ganea et aI., 2006; Gonzalez-Rey et aI., 
2007). Thus, peripheral and local VIP levels were measured in NC patients 
to evaluate their possible participation in the development of Tregs. VIP 
concentrations in serum and CSF samples were measured by ELISA, 
using a commercial kit (Bachem Peninsula Laboratories, San Carlos, 
California), following the manufacturer's instructions. Detectable VIP 
concentrations ranged from 0 to 25 ng/ml. 
Detection of HP10 antigen 
Parasite secretion antigens are able to modulate the immune system 
(Zaccone et al., 2008), which, in tum, may promote the expansion of Tregs 
(van der Kleij et aI., 2002). HPlO antigen levels (1 of the best characterized 
antigens secreted by T. solium cysticerci [Fleury et al., 2007]) were 
measured in CSF and serum samples to analyze their relationship with 
Treg differentiation. HPlO antigen was detected by ELISA as described 
previously (Fleury et aI., 2007). Briefly, Immulon I plates (Nunc, 
Rochester, New York) were coated with HPlO monoclonal antibody 
(10 /-lg/ml in 0.07 M NaCI buffered with 0.1 M borate, pH = 8.2) and left 
overnight at 4 C. Plates were washed 4 times (0.9% w/v NaCI containing 
0.05% v/v Tween 20) and blocked (phosphate buffer saline with bovine 
serum albumin at 1.0% w/v and Tween 20 at 0.05% v/v) for 60 min at 
room temperature. Undiluted CSF or serum samples (100 J.LlIwell) were 
added and incubated for 30 min at 37 C. Bound HPlO parasite antigens 
were detected with biotinylated HPlO monoclonal antibody 1:4,000 in 
blocked buffer, and incubated for 30 min at 37 C. Biotinylated antibodies 
were detected with horseradish peroxidase-conjugated streptavidin 
(1:4,000; Amersham) in blocked buffer, and incubated for 30 min at 
37 C. For color reaction, tetramethylbenzidine (Zymed Laboratories, 
South San Francisco, California) was used as a substrate. Color reaction 
was allowed to proceed for 30 min at 4 C in the dark and was stopped by 
adding 100 /-ll of 0.2 M H2S04 (Baker, D.F., Mexico). Optical density 
(OD) at 450 nm was determined in an ELISA processor (Versamax 
microplate reader; Molecular Devisable, Sunnyvale, California). All 
samples were run in duplicate. 
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FIGURE 1. Representative FACS staining of regulatory T cells (Tregs) 
in blood from a healthy subject (top row) and NC patient (bottom row). 
In order to accomplish the analysis, cells were first gated according to 
CD4 eXli',ression and to forward-side scatter ~roperties, and then FoxP31 
CD25hlg , ILlO/CD25hlgh, or CTLA-4/CD25 19b cells were gated within 
CD4 population. For quantification of CD4+/CD25high Tregs, cells were 
only gated according to forward and side light-scattering lymphocyte 
properties. Data are illustrative of 10 healthy subjects (controls) and 19 
NC patients. 
Statistical analysis 
Data were processed in Excel 7.0 (Microsoft, Redmond, Washington) 
and SPSS 10.0 for Windows (IBM, Seattle, Washington). Variables were 
described using median values (minimum and maximum). Differences in 
absorbance values between groups were calculated with the Mann-
Whitney U-test, and between paired samples with the Wilcoxon test. Non-
parametric Spearman test was used to evaluate correlations. P values less 
than 0.05 were considered significant. 
RESULTS 
Increased peripheral functional Tregs in NC patients 
A significantly higher frequency of regulatory cells 
(CD4+CD25high, CD4+CD25high FoxP3+, CD4+CD25high CTLA-
4+, and CD4+CD25high IL-IO+) was found in 19 NC patients 
compared with 10 healthy control subjects (Fig. 1; Table I). As 
shown in Table I, this increase in regulatory cells was accompa-
nied by a significant decrease in CD4+ and CD8+ cells expressing 
the late- (CD69) and early-activation (CD38) markers (Fig. 2). 
Additionally, a significant decrease in non-specific proliferative 
response ofmononuc1ear cells induced by Con A was observed in 
NC patients compared with healthy controls (Table I). As 
expected, the parasite-specific response was not observed in 
control subjects or in NC patients, a finding compatible with a 
depressed specific proliferative response in NC. Neurocysticerco-
sis did not affect the level of peripheral CD4+ and CD8+. 
Tregs in the cerebral spinal fluid of treated and non-treated 
NC patients 
Table II shows Treg subpopulations and the frequency of CD4+ 
and CD8+ cells in CSF from 8 NC patients. No significant 
differences were found between treated and non-treated patients, 
either in Tregs or in lymphocyte levels. The levels of 
CD4+CD25high varied from 2.9 to 70.7%, and CD4+CD25high 
FoxP3+ varied from 2.0 to 59.2% in CSF from NC patients. A 
representative cytometry result of regulatory phenotypes detected 
in patients with higher and lower levels of regulatory cells in CSF 
is shown in Figure 3. 
Tregs in CSF correlate with peripheral levels in NC patients 
Treg percent was determined in paired CSF and blood samples 
from 8 NC patients. In CSF, about 58% of total cells are 
lymphocytes; among them, 36% are CD4+, and 22% are CD8+. In 
addition, 28% of CD4+ cells in CSF are CD4+CD25high, and 16% 
are CD25high FoxP3+, the latter values being significantly higher 
than those in peripheral blood (3.8% and 2.0%, respectively). 
Moreover, local frequencies of CD4+CD25high and CD4+CD25high 
FoxP3+ were positively correlated with the levels in peripheral 
blood (r = 0.78, P = 0.02; and r = 0.73, P = 0.04, respectively). 
A negative correlation between CD4+CD25high FoxP3+ Tregs in 
CSF (r = -0.66, P = 0.079) and the levels of activated 
CD4+CD69+ peripheral lymphocytes was observed in paired 
samples from 8 NC patients. A similar correlation was observed 
between CD4+CD25high in CSF (r = -0.64, P =0.09) and 
activated CD4+CD69+ peripheral lymphocytes, even though these 
correlations were not significant. 
TABLE 1. Phenotype of peripheral T cells in corticosteroid-treated and non-treated NC patients, and control, healthy subjects. PI refers to the statistical 
comparison between treated and untreated patients. P2 refers to the statistical comparison between the NC patients group (disregarding treatment) and 
control group. 
NC patients 
Treated (T) Untreated (UT) Total patients Controls (C) PI (T vs. UT) P2 (NC vs. C) 
CD4+CD25high 1.4 (0.2-21.6)* 1.8 (0.2-13.3 ) 1.4 (0.2-21.6) 0.5 (0-0.8) 0.90 0.003 
CD4+CD25high FoxP3+ 1.4 (0.2-11) 2.3 (0.4--7.8) 1.4 (0.2-11) 0.3 (0.1--0.9) 0.52 0.002 
CD4+CD25high CTLA-4+ 1.7 (0.4--8.6) 3.1 (0.9-8.2) 2 (0.4--8.6) 0.7 (0.1-1.9) 0.32 0.003 
CD4+CD25high IL-IO+ 0.9 (0.3-4.7) 2.8 (0.3-12.6) 1.1 (0.3-12.6) 0.3 (0-1.2) 0.24 0.01 
CD4+CD69+ 0.8 (0.1-1.3) 0.4 (0.1--0.4) 0.4 (0.1-1.3) 1.6 (1.1-3.4) 0.07 0.001 
CD8+CD69+ 1.2 (0.1-2.9) 0.7 (0.1-2.3) 1.1 (0.1-2.9) 4.6 (0.4--12.6) 0.37 om 
CD4+CD38+ 16.5 (3.2-38.2) 25.7 (7.4-45) 19.4 (3.2-45) 35.4 (27.2-52.6) 0.83 0.001 
CD8+CD38+ 7.1 (1.7-34) 12.1 (3.1-34) 7.1 (3.2-45) 27.8 (16.1-35.3) 0.90 0.002 
CD4+ 22.5 (8.2-51.9) 21.4 (10.4--30.4) 22.5 (8-52) 26.2 (19.2-45) 0.90 0.25 
CD8+ 9.2 (3.1-26.7) 12.6 (2.4--24.5) 9.6 (2.4--26.7) 18.4 (3.8-24.3) 0.92 0.19 
Con A proliferationt 1.4 (0.7-3.5) 1.8 (0.3-13.3) 1.4 (0.7-4.4) 4.9 (1.3-7.7) 0.52 0.008 
Ag proliferationt 1.3 (0.5-3.6) 1.4 (0.9-1.9) 1.3 (0.5-3.6) 0.9 (0.3-1.7) 0.52 0.55 
• Median (minimum-maximum) in 13 treated and 6 untreated NC patients and 10 healthy subjects (controls). 
t Lymphocyte proliferative response was expressed as proliferation index (PI) in patients and in controls. PI is presented as cpm-antigen-stimulated cellslcpm-non-stimulated 
cells. 
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FIGURE 2. Expression of early- (CD69) and late-activation (CD38) 
markers in CD4+ and CD8+, peripheral blood T cells from a healthy 
subject (A) and a NC patient (8). Cells were gated according to forward 
and side light-scattering lymphocyte properties, and then the frequency of 
double-positive cells was determined. Data are illustrative of 10 healthy 
subjects (controls) and 19 NC patients. 
Levels of cytokines in CSF and blood from NC patients and 
their relationship with Tregs 
Cytokine levels were measured in paired CSF and blood 
samples from 8 NC patients. As Table III shows, higher levels of 
IL-lO and IL-6 were detected in CSF from NC patients than in 
serum (P = 0.01), while higher levels of TGF-~ were found in 
serum compared to CSF (P = 0.05). No significant differences 
were observed between the levels of cytokines in treated versus 
untreated patients. 
Positive correlations were found between peripheral blood 
(peripheral) and CSF (local) levels of IL-lO (P = 0.002), IL-6 
(P = 0.04), and IL-4 (P = 0.03) cytokines. The comparison between 
peripheral and local levels of different cytokines shows that 
concentrations of TGF-~ in CSF correlate with serum levels of 
IL-4 (P = 0.04), IL-2 (P = 0.03), and TNF-cx (P = 0.02), while 
IL-lO in CSF correlates with serum levels ofIL-4 (P = 0.03) and 
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FIGURE 3. Representative FACS staining of regulatory T cells (Tregs) 
in CSF from 2 NC patients with high (top row) and low (bottom row) 
Treg frequency. In order to accomplish the analysis, cells were first gated 
according to CD4 ex~ression and to forward-side scatter properties, and 
then FoxP3/CD25h,g cells were gated within CD4 population. For 
characterizing Tregs expressing CD4+CD25high, stained cells were gated 
according to forward and side light-scattering lymphocyte properties. 
TNF-cx (P = 0.03). No correlations between either local and 
peripheral Tregs or between CSF and serum cytokines were found. 
Parasite factor related to increased Tregs in CSF 
HPlO cysticercus-secreted antigen was measured in paired CSF 
and peripheral blood samples from 8 NC patients. A positive 
correlation was observed between CD4+CD25high cells and CSF 
HPlO levels, although it was not significant (r = 0.64, P = 0.08). 
No correlation was found between serum HPlO level and 
CD4+CD25high FoxP3+, either in CSF or in peripheral blood. In 
CSF from these 8 patients, HPlO levels were correlated with IL-lO 
(r = 0.74, P = 0.037) and IL-6 (r = 0.79; P = 0.02) levels in the same 
compartment, and with a peripheral Con A proliferative response 
(r = 0.75, P = 0.08). Additionally, a positive correlation was 
observed between serum HPlO levels and both serum (P = 0.84, P = 
0.01) and CSF (r = 0.90, P = 0.002) IL-lO levels in the 8 paired 
samples. Serum HPI 0 levels were also positively correlated with CSF 
IL-6 (r = 0.83, P = 0.01) levels in the same paired samples. 
However, analysis of the 19 patients showed a positive 
correlation between serum HPlO level and peripheral frequency 
of CD4+CD25high (r = 0.47, P = 0.046), but not between serum 
HPlO level and CD4+CD25high FoxP3+, either in CSF or in 
peripheral blood. 
TABLE II. Phenotype of T cells in cerebrospinal fluid from corticosteroid-treated and untreated NC patients. 
Untreated 
CD4+CD25high* 14.5 (2.9-27.4)t 
CD4+CD25high 
FoxP3+* 13.2 (2-20) 
CD4+t 35.6 (35.5-62.5) 
CD8+t 19.9 (1l.7-20.8) 
Number of cells/ml 1.3 X 104 (2.7 X 103-1.1 X 105) 
• Results expressed as percent of cells within CD4+ lymphocytes. 
t Results expressed as percent of cells among total lymphocytes. 
NC patients 
Treated All NC patients 
28.3 (10.8-70.7)+ 27.8 (2.9-70.7) 
18.9 (6.4-59.2) 16.7 (2.0-59.2) 
35.8 (26.4-64.8) 35.7 (26.4-64.8) 
25.7 (8.3-30.5) 21.8 (8.3-30.5) 
8.5 X 104 (1 X 104-1.1 X 106) 5.8 X 104 (2.7 X 103-1.1 X 106) 
t Median (minimum-maximum) determined in CSF lymphocytes from 3 untreated and 5 treated NC patients. 
P 
Treated vs. untreated 
0.14 
0.57 
1.00 
0.25 
0.39 
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TABLE III. Cytokines and HPlO antigen levels in CSF and blood samples from paired samples of 8 NC patients. 
Blood Cerebrospinal fluid 
Molecule Untreated (3) Treated (5) All patients (8) Untreated (3) Treated (5) All patients (8) PI P2 P3 P4 P5 
IFN-y 
TNF-O( 
IL-IO 
IL-6 
IL-4 
IL-2 
TGF-~ 
HPIO 
0* (0-47.5) 0 (0-0) 0(0-47.8) 
0(0-26.6) 
8.1 (0-318) 
8.8 (0-5,000) 
7.2 (3-22.4) 
0* (0-0) 0 (0-29) 0 (0-29) 0.32 0.32 0.65 0.57 0.79 
0(0-26.6) 0 (0-16.8) 0(0-0) 0 (0-9.7) 0 (0-9.7) 0.32 0.34 0.17 1.00 0.39 
16.3 (0-33) 0 (0-318) 46.1 (30-78.2) 33 (0-734) 39.5 (0-734) 0.14 0.06 0.01 0.79 1.00 
o (0-45.2) 17.6 (0-5,000) 98.3 (59.6-181.2) 223.4 (0-5,000) 139.7 (0-5,000) 0.11 0.06 0.01 0.79 0.57 
7.5 (4.3-22.4) 6.8 (3.0-13.7) 5.8 (5.2-9.9) 3.7 (0-22.3) 4.6 (0-22.3) 0.14 0.68 0.28 0.57 0.25 
0(0-27.3) 0 (0-16.1) 0(0-0) 0 (0-10.1) 0 (0-10.1) 0.32 0.32 0.18 0.79 0.79 
2,800 (1,662.5-6,212.5) 52.9 (0-2,887.5) 
0(0-27.3) 
1,509.4 (0-6,212) 52.9 (0-4,987.5) 262.9 (0-481.3) 231.8 (0-4,987.5) 0.27 0.09 0.05 0.14 0.79 
Antigen 0.5 (0.1-0.9) 0.2 (0.1-0.3) 0.3 (0.1-1.3) 0.9 (0.2-1.2) 1.2 (0.1-1.6) 1 (0.1-1.6) 0.14 0.32 0.09 1.00 1.00 
• Median (minimum and maximum). Local and peripheral cytokine levels (pg/ml) were compared by Mann-Whitney and Wilcoxon tests: Peripheral vs. local levels in 
untreated (PI), treated patients (P2), and in all patients, disregarding treatment status (P3), peripheral untreated vs. treated patients (P4), and local untreated vs. treated 
patients (P5). 
Host factors related to elicitation of Tregs 
Detectable VIP levels were found in the serum (102.3 ± 69.7) 
and CSF samples from most patients (37.6 ± 35.6). However, a 
significant correlation was not observed between CSF or 
peripheral VIP or Treg subsets. 
DISCUSSION 
Neurocysticercosis severity is determined mainly by the 
inflammatory response promoted by the infection. Inflammation 
ranges from moderate to severe; in most severe cases, an increase 
in cell count in the CSF is observed. As a consequence of such 
inflammation, life-threatening neurological complications are 
frequently observed. Differential control of inflammatory re-
sponses may be related to differential extension of Treg 
recruitment in the CSF. 
The present study reports the first evidence of local and 
peripheral Treg recruitment and expansion in NC patients, which 
could contribute to the intensity of the inflammatory response. 
Tregs are reliably defined as CD4+ cells with high levels of CD25 
and CD25high FoxP3 expression (Wang et aI., 2007; Zhang 
and Zhao, 2007). Levels of CD4+CD25high CTLA-4+ and 
CD4+CD25high IL-lO+ in the peripheral blood were also 
measured. An increase in the frequency of the 4 regulatory cells 
measured was observed in sera from NC patients compared 
to controls (Table I). Higher levels of CD4+CD25high and 
CD4+CD25high FoxP3+ Tregs were found in CSF from the 8 
patients studied (Table II), which positively correlate with the 
Treg populations detected in the peripheral blood from these 
patients. This finding provides the first evidence of the 
recruitment of Tregs into the CSF in NC patients. 
The increase in peripheral and local Tregs is accompanied by a 
decrease in specific and non-specific proliferative responses, and 
by a significant decrease in the frequency of early- and late-
activated T -lymphocytes in the peripheral blood (Table I). These 
findings point to the relevance of Tregs in controlling the 
inflammatory response, most likely induced by cysticerci in the 
CNS. 
Several different regulatory properties have been related to 
Treg subpopulations, including control of inflammation in 
various infectious diseases (McSorley et aI., 2008; D'Elia et aI., 
2009). Increased CSF Tregs showed a tendency to negatively 
correlate with the expression of the activated CD4 lymphocytes 
from peripheral blood in paired samples from 8 NC patients, 
similar to that observed in other studies (Ermann and Fathman, 
2003; Bulut et aI., 2010). Thus, Tregs are likely to prevent T cell 
activation by parasite antigens continuously secreted from live 
cysticerci in these patients. Increased IL-lO and CTL4 expression 
in CD4+CD25high T cells was also found in the blood of these 
patients, indicating that they may be involved in the suppressor 
activities of these Tregs (McSorley et aI., 2008; Radstake et aI., 
2009). Since cysticerci are located in the CNS, a compartment 
with unique immunological features (Griffiths et aI., 2007), we 
hypothesize that neuroinflammatory response in NC may be more 
tightly controlled in the CNS compared to in the peripheral 
blood. Indeed, a differential migration of cells to the CNS may 
depend on the variability between individual patients. This kind 
of variability should be expected, since so many host factors 
(gender, age, parasite count, onset time of the disease) are 
involved in creating the heterogeneous clinical picture observed in 
NC (Fleury et aI., 2004), which, in turn, could be involved in the 
differential recruitment of Tregs into the CNS. Despite the 
reported effects of corticosteroids on the inflammatory response, 
including levels of Tregs and inflammatory cytokines (Okano, 
2009), it is important to note that no differences were found 
between treated and untreated patients in the measured immu-
nological parameters (including recruitment and expansion of 
Tregs, levels of CD69 and CD38 activation markers in CD4 and 
CD8 T cells, and specific and unspecific proliferative responses). 
This finding may indicate that some T-cell activation persists, 
despite the treatment. It is possible that increased levels of Tregs 
due to the cysticerci infection override the effects induced by 
steroid treatment. The wide range of inflammatory parameters 
measured in each group of patients could also account for the 
absence of significant changes due to the treatment. The positive 
correlation observed between HPlO antigen in CSF and sera, and 
the respective local and peripheral frequency of CD4+CD25high, is 
particularly interesting and raises the possible involvement of 
HPlO antigen, or other factors secreted by the parasite, in 
promoting Treg generation/expansion. The absence of a correla-
tion between levels of VIP and peripheral or CSF Tregs may 
indicate that VIP is not correlated with Treg differentiation, as 
occurs both in vitro and in vivo in other infectious and non-
infectious diseases (Ganea et aI., 2006). In addition, the high 
correlation found between HPIO antigen and local and peripheral 
levels of IL-6 supports the possibility that secretions derived from 
cysticerci, including HPIO, enhance IL-6 levels, which, in tum, 
could promote antigen presentation and a path toward Thl7 
response. Microenvironmental balances could be determinants 
for Treg generation; it has been reported that during acute 
inflammation, IL-6 significantly suppresses TGF-~-induced FoxP3 
expression and Treg generation (Bettelli et aI., 2006). In the study, 
increased levels of TGF-~ in the peripheral blood were also 
detected, indicating a possible involvement of TGF-~ in the 
reduced capacity of a peripheral proliferative response (Table III). 
The cost-benefit balance of Treg recruitment into CSF in NC 
patients should be carefully considered. The control of inflam-
mation can relieve severe symptoms, but it may also generate a 
favorable microenvironment for parasite survival, and it may also 
promote the growth of malignant cells. Indeed, Tregs are known 
to promote tolerance to tumors in murine models (Cao, 2010). In 
this regard, it is of interest to note that correlations have been 
reported between the frequency of malignant cerebral tumors and 
NC (Haas et aI., 2008). 
Overall, the levels of the different Treg phenotypes measured 
are strongly correlated (P < 0.001) and are accompanied by 
depressed proliferative responses and decreased frequencies of 
activated T cells, which are all indicators of the anti-inflammatory 
properties of the Tregs detected and their relevance in controlling 
the inflammatory response in NC. Manipulation of T-cell 
populations to reduce inflammation in subarachnoid NC patients 
is currently under study in order to offer novel, and less harmful, 
alternatives for more effective patient management. 
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A NEW SPECIES OF RHABDIAS (NEMATODA: RHABDIASIDAE) IN CALOTES 
VERSICOLOR (SQUAMATA: AGAMIDAE) FROM SINGAPORE 
Charles R. Bursey, Diong Cheong Hoong*, and Stephen R. Goldbergt 
Department of Biology, Pennsylvania State University, Shenango Campus, Sharon, Pennsylvania 16146. e-mail: Gxb13@psu.edu 
ABSTRACT: Rhabdias singaporensis n. sp. (Rhabditida: Rhabdiasidae) from the lungs of Calotes versicolor (Squamata: Agamidae) 
from Singapore is described and illustrated. Rhabdias singaporensis n. sp. represents the 77th species assigned to the genus, the eighth of 
the Asian region, and the second from Singapore. The distinguishing characteristic of the new species is the location of the excretory 
pore. In all species of Rhabdias for which excretory pore location data are available, the excretory pore is situated just posterior to the 
level of the nerve ring; in R singaporensis, it lies near the esophageointestinal junction. 
Calotes versicolor (Daudin) (Agamidae) is widely distributed 
from Sri Lanka and India, and throughout most of southeastern 
Asia to southern China, including Hainan Island; it is absent 
from southern Peninsula Malaysia but has been introduced to 
Singapore (Cox et a1., 1998). Species of Rhabdias occur in the 
lungs of amphibians and reptiles, but, to our knowledge, no 
species of Rhabdias has been reported from C. versicolor. The 
purpose of the present paper is to describe a new species of 
nematode harbored by a Singapore population of C. versicolor. 
MATERIALS AND METHODS 
Fifty-three specimens of C. versicolor were collected May-June 2008 
(7 [1 male, 6 females]) and May-August 2009 (46 [30 males, 16 females]). 
Lizards were over-anesthetized with sodium pentobarbital and the carcass 
opened longitudinally; the internal organs were removed and searched for 
helminths using a stereomicroscope. Eight specimens were found to 
harbor a total of 13 lung nematodes, which were removed from the lungs, 
preserved in 75% ethanol, cleared in lactophenol, and found to represent 
an undescribed species of Rhabdias Stiles and Hassall, 1905. Measure-
ments were taken directly from cleared specimens; illustrations were 
constructed from photographs. Measurements are given in micrometers 
unless otherwise indicated, as mean and 1 SD with range in parentheses. 
Selected specimens were deposited in the United States National Parasite 
Collection (USNPC), Beltsville, Maryland. 
DESCRIPTION 
Rhabdias singaporensis n. sp. 
(Figs. 1-7) 
General (measurements based on 8 gravid individuals): Rhabditoidea 
Orley, 1880, Rhabdiasidae Railliet, 1915, Rhabdias Stiles and Hassall, 
1905. Anterior end of body bluntly pointed posterior end tapered. Body 
length 13.6 mm ± 3.3 SD (range 10.2-17.9), width at vulva 473 ± 51 (383-
534). Outer layers of cuticle slightly inflated, irregular folds and ridges 
throughout, from lip to tip of tail; inner layer of cuticle with indistinct 
longitudinal striations occurring 2-3 apart. Oral opening round, 
surrounded by 4 weakly developed lips, each lip bearing a single small 
papilla. Lateral amphids present. Buccal cavity spherical, 17 ± 2 (12-20) 
in diameter, 15 ± 3 (12-18) in depth. Claviform esophagus 573 ± 66 (497-
689) in length (approximately 4% of body length), with inflated muscular 
area 99 ± 13 (73-110) long, 52 ± 4 (46-55) wide beginning 76 ± 19 (55-
104) posterior of buccal cavity and ending just anterior to nerve ring; 
minimum width 40 ± 4 (34-44) at level of nerve ring; maximum width 82 
± 12 (70-104) near posterior end. Nerve ring and excretory pore 197 ± 27 
(153-226) and 614 ± 45 (561-689), respectively, from anterior end. 
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Excretory duct short, excretory glands indistinct. Width of intestine at 
esophagointestinal junction 75 ± 16 (61-110), widening posteriorly to 
completely fill coelom anterior to region of uterus. Intestine filled with 
brown or black contents. Muscular sphincter between intestine and 
rectum. Rectum with sclerotized walls, 135 ± 12 (110-153) in length. 
Posterior lip of anus slightly swollen; anus 234 ± 71 (122-348) from 
posterior end of body (tail approximately 2% of body length). Vulva post-
equatorial 7.4 mm ± 1.8 (5.4-9.8 mm) from anterior end of body or 54% 
(53-55%) of body length, non-salient lips. Vagina reduced. Reproductive 
system ampidelphic, ovaries begin in region of vulva; both ovaries and 
oviducts straight, lie along intestine. Uteri thin walled, filled with 
numerous eggs; egg shell thin, smooth, clear; embryonated eggs near 
vagina; eggs 107 ± 8 (98-121) long, 58 ± 6 (49-67) wide. Hatched first 
stage larvae present in uterus. Tail conical, narrowing to sharp point; 
phasmids situated at midpoint of tail. 
Taxonomic summary 
Type host: Calotes versicolor (Daudin), Oriental garden lizard (Agami-
dae), Symbiotype: ZRC 2.6856 (Raffies Museum for Biodiversity 
Research, National University of Singapore), collected 25 May 2009. 
Type locality: Bedok Reservoir (1°20'22"N, 103°56' l"E), Singapore. 
Site of infection: Lungs. 
Type specimens: Holotype USNPC 102641; 7 paratypes USNPC 
102642. 
Etymology: The new species is named in reference to the location of 
collection. 
Remarks 
Rhabdias singaporensis n. sp. represents the 77th species assigned to the 
genus and the eighth from the Asian realm. Only 1 other species of Rhabdias 
has been found in Singapore; Yuen (1965) reported R multiproles Yuen, 
1965, in Fejervarya cancrivora. However, R singaporensis differs from 
R multiproles in body length, lip structure, and excretory pore position; i.e., 
R singaporensis, length 10.2-17.9 mm, 4 lips, ratio of excretory pore/ 
esophagus length = 1.07; R multiproles, length 4.0-7.3 mm, 6 lips, ratio of 
excretory pore/esophagus length = 0.50 (Yuen, 1965). 
Martinez-Salazar (2006) categorized species of Rhabdias based on lip 
structure, i.e., without lips, with 4 lips, with 6 lips, with 2 pseudolabia, 
with 2 pseudolabia, and 4 lips. Rhabdias singaporensis belongs to the 
group of species possessing 4 lips without pseudolabia, namely, Rhabdias 
picardiae and Rhabdias rabetafikae from the Ethiopian realm. The former 
species infects toads, the latter lizards. Rhabdias leonae and Rhabdias 
savagei occur in the Neotropical realm, with the former infecting lizards 
and frogs for the latter. Rhabdias picardiae and R savagei lack anterior 
esophageal inflations, but R singaporensis, R rabetafikae, and R leonae 
possess anterior esophageal inflations; the excretory pore/esophagus 
length ratio of R rabetafikae is 0.28, R. leonae is 0.42, and R. singaporensis 
is 1.07 (Bursey and Goldberg, 2005; Martinez-Salazar, 2006; Junker et al., 
2010). The most distinguishing characteristic of the new species is the 
location of the excretory pore. In all species of Rhabdias for which data are 
available, the excretory pore is situated just posterior to the level of the 
nerve ring; in R. singaporensis, it lies near the esophageointestinal junction. 
Of the 7 previously described Asian species, only Rhabdias japalurae has 
been reported from a reptilian host, i.e., the lizards Japalura polygonata 
Hallowell and Japalura swinhonis Giinther from Okinawa Island and 
Taiwan, respectively (Kuzmin, 2003). Rhabdias singaporensis is easily 
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FIGURES 1-6. Rhabdias signaporensis n sp. (1) Anterior end, lateral view. (2) Cephalic end, apical view. (3) Cephalic end, lateral view. (4) Vulvar 
region, lateral view. (5) Posterior end, lateral view. (6) Egg, lateral view. 
separated from R. japalurae by lip structure (R. japalurae has 6 lips, 
R. singaporensis 4). 
ACKNOWLEDGMENTS 
Peggy Firth prepared the illustrations constituting Figures 1-6. The 
collection of lizards and the experimental procedures had the approval of 
the Singapore National Parks Board and the IACUC ethics committee. 
LITERATURE CITED 
BURSEY, C. R., AND S. R. GOLDBERG. 2005. New species of Oswaldocruzia 
(Nematoda: Molineoidae), new species of Rhabdias (Nematoda: 
Rhabdiasidae), and other helminths in Rana cf. forreri (Anura: 
Ranidae) from Costa Rica. Journal of Parasitology 91: 600--605. 
Cox, M. J., P. P. VAN DIJK, J. NABHlTABHATA, AND K. THIRAKHUPT. 1998. 
A photographic guide to snakes and other reptiles of Peninsula 
BURSEY ET AL.-NEW SPECIES OF RHABDIAS 151 
200 
FIGURE 7. Rhabdias signaporensis n. sp.; anterior end; lateral view; nerve ring, Nr; excretory pore, Ex. 
Malaysia, Singapore and Thailand. New Holland Publishers, London, 
U.K., 144 p. 
JUNKER, K., N. LHERMITTE-VALLARINO, M. BARBUTO, I. INEICH, S. WANJ!, 
AND O. BAIN. 2010. New species of Rhabidas (Nematoda; Rhabdia-
sidae) from Afrotropical anurans, induding molecular evidence and 
notes on biology. Folia Parasitologica 57: 47- 61. 
KuzMIN, Y. 1. 2003. Rhabdias japa/urae sp. nov. (Nematoda, 
Rhabdiasidae) from the japalures (Reptilia, Agamidae) and some 
notes on other Rhabdias spp. from lizards. Acta Parasitologica 48: 
6-11. 
MARTiNEZ-SALZAR, E. 2006. A new rhabdiasid species from Norops 
megapholidotus (Sauria: Polychrotidae) from Mexico. Journal of 
Parasitology 92: 1325-1329. 
YUEN, P. H. 1965. Some studies on the taxonomy and development 
of some rhabdisoid and cosmocercoid nematodes from Malayan 
amphibians. Zoologischer Anzeiger 174: 275-298. 
J. Parasitol., 98(1), 2012, pp. 152-159 
© American Society of Parasitologists 2012 
REDESCRIPTION OF ENTEROBIUS (ENTEROBIUS) MACACI YEN, 1973 (NEMATODA: 
OXYURIDAE: ENTEROBIINAE) BASED ON MATERIAL COLLECTED FROM WILD 
JAPANESE MACAQUE, MACACA FUSCATA (PRIMATES: CERCOPITHECIDAE) 
Hideo Hasegawa, Hiroshi Sato*, and Harumi Toriit 
Department of Biology, Faculty of Medicine, Oila University, Hasama, Yufu, Oila 879-5593, Japan. e-mail: hasegawa@oita-u.ac.jp 
ABSTRACT: Enterobius (Enterobius) macaci Yen, 1973 (Nematoda: Oxyuridae: Enterobiinae) was collected from a Japanese macaque, 
Macacafuscata, in Nara and Yamaguchi Prefectures, Honshu Island, Japan, for the first time. A redescription is presented along with 
DNA sequence data, This pinworm is a typical member of the subgenus Enterobius and is characteristic in the spicule morphology, 
being readily distinguished from other congeners. Phylogenetic analyses based on 18S ribosomal RNA gene (rDNA) and 
mitochondrial DNA (mtDNA) Coxl gene assign its position in the pinworm lineage adapted to the Old World primates, showing 
divergence before the splitting of the chimpanzee and human pinworms, 
The Japanese macaque, Macaca fuscata, is endemic to Japan, 
being distributed on Honshu, Shikoku, Kyushu, and some 
surrounding small islands (Odachi et aI., 2009). This macaque is 
one of the most intensely studied non-human primates in the 
world, and numerous investigations have been conducted for 
more than 50 yr in various areas of Japan (Yamagiwa, 2010), 
Parasitological studies have also been conducted on this macaque 
(Kagei and Hasegawa, 1974; Itoh et aI., 1988; Gotoh, 2000; 
Satoyoshi et aI., 2004). However, pinworms have not been 
recorded. Recently, Japanese macaques necropsied in Nara and 
Yamaguchi Prefectures were found to harbor pinworms. Close 
examination has revealed that they are Enterobius (Enterobius) 
macaci Yen, 1973, which was first described from the rhesus 
monkey, Macaca mulatta, and Assam macaque, Macaca assa-
mensis, in Yunnan, China (Yen, 1973), and later recorded from 
the Taiwan macaque, Macaca cyclopis, in Taiwan (Lin, 1997). 
The specimens from both Yunnan and Taiwan macaques were 
later studied by Hugot (1999) for cladistic analysis. However, its 
morphology has not been well defined yet. Herein, a detailed 
redescription is provided, along with phylogenetic discussion 
based on both nuclear and mitochondrial DNA sequence 
analyses. 
MATERIALS AND METHODS 
The material was collected from 4 Japanese macaques at necropsy. Host 
no. I (female; body weight of 4.09 kg), no. 2 (female infant; 1.08 kg), 
and no. 3 (female; 9.00 kg) were among 10 individuals captured in 2 
neighboring villages, Kamikitayama and Tenkawa, Nara Prefecture, in a 
pest control program and killed by the local government. Host no. II 
(male infant; 2.0 kg) was found emaciated in Ube, Yamaguchi Prefecture, 
and died soon after being placed under protection by the local 
government. They were necropsied by the junior author (H.S.) for 
examination of zoonotic diseases. 
Nematodes obtained were fixed in 70% ethanol or 5% formalin for 
morphological study or 100% ethanol for DNA analysis. For morpho-
logical study, the worms were cleared in glycerol-ethanol solution by 
evaporation of ethanol. Then they were mounted on a glass slide with 50% 
glycerol aqueous solution and observed using Optiphot (Nikon, Tokyo, 
Japan) and DM2500 (Leica, Wetziar, Germany) microscopes, each 
equipped with a Nomarski interference contrast apparatus. Hand sections 
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were made for observation of en face view of the cephalic end, a cross 
section of lateral cords, and the ventral side of the male caudal end. All 
measurements are expressed in ILm unless noted otherwise. Voucher 
specimens are deposited in the National Museum of Nature and Science, 
Tokyo, Japan. 
DNA extraction from the ethanol-fixed worms was performed using 
liquid phase of Dexpat™ (TaKaRa, Tokyo, Japan). Briefly, a female 
worm fragment was placed in a 1.5-ml plastic tube and homogenized in 
50 J.Li DW using a pestle (Bel-Art Products, Pequannock, New Jersey). 
About 10 ILl of the homogenized fluid was mixed with 50 J.Li of liquid phase 
of Dexpat™ and maintained at 100 C for 20 min. Then 15 ILl of this 
solution were added to the 60 J.Li PCR solution, containing 1 J.Li of KOD-
Neo™ polymerase (Toyobo Co., Tokyo, Japan). DNA amplification was 
performed using a thermal cycler (PC-801, ASTEC Co., Fukuoka, Japan). 
The primers for amplification and sequencing of partial 18S ribosomal 
RNA gene (rDNA) were those reported by Katayama et al. (1995) 
and Floyd et al. (2005): NemI8SF, 5'-CGCGAATRGCTCATTAC-
AACAGC-3' (forward) and 18SPCR, 5 '-ACGGGCGGTGTGTRC-3 , 
(reverse). The primers employed for partial Coxl gene of mtDNA 
amplification and sequencing were those used by Nakano et al. (2006) and 
Hasegawa et al. (2010): StrCoxMrF, 5'-GTGGTTTTGGTAATT-
GAATGGTT-3' (foward), and pr-b, 5'-AGAAAGAACCTAATGAA-
AATGAGCCAC-3' (reverse). 
The PCR conditions were initial denaturation at 94 C for 2 min, 
followed by 20 cycles at 98 C for 10 sec, 50 C for I min, 68 C for I min, 20 
cycles of 94 C for 1 min, 55 C for 1 min, 68 C for 1 min, and a post-
amplification extension at 68 C for 7 min. Then the PCR products were 
mixed with EzVision™ Three DNA Dye (Amresco, Solon, Ohio), 
electrophoresed in a 1.5% agarose gel, and visualized by a UV illuminator. 
The PCR ~roducts were subsequently purified from the gel using 
SUPRECT -01 (Takara Bio Co., Otsu, Shiga, Japan), precipitated with 
ethanol, centrifuged, and vacuum-dried. The products were amplified with I 
of the primer pairs used in the initial amplification with the BigDye™ 
Terminator Cycle Sequencing Kit Version 3.1 (Applied Biosystems, Foster 
City, California). The products were purified using Centri-SepTM spin 
columns (Princeton Separations, Adelphia, New Jersey) and sequenced by an 
ABI-PRISM 3130 Genetic Analyzer (Applied Biosystems). The nucleotide 
sequences identified in this study were deposited in the DNA database of 
Japan (DDBJ). 
For phylogenetic analysis, the DNA sequences were aligned using 
ClustalW, and then subjected to maximum-likelihood (ML), neighbor-
joining (NJ), and maximum parsimony (MP) analyses using MEGA5 
version 5.03 (Tamura et al., 2011). ML analysis was based on the Tamura-
Nei model (Tamura and Nei, 1993) for 18S rDNA, and based on the best-
fit model of amino acid substitution for Coxl. For NJ analysis (Saitou and 
Nei, 1987), the evolutionary distances were computed using the Kimura 
2-parameter method (Kimura, 1980) for 18S rDNA and using the Jones-
Taylor-Thornton (JTT) matrix-based model for Coxl and are in the units 
of the number of base and amino acid substitutions, respectively, per site. 
All positions containing gaps and missing data were eliminated. In 
MP analysis a tree was obtained using the Close-Neighbor-Interchange 
algorithm (Nei and Kumar, 2000) with search level 1 in which the initial 
trees were obtained with the random addition of sequences (10 replicates). 
In each analysis the bootstrap values were calculated by 1,000 replicates 
(Felsenstein, 1985). The sequences of Syphacia frederici (Oxyuridae: 
152 
Syphaciinae) collected from Apodemus speciosus in Japan (Okamoto et a!., 
2007) or Lemuricola cf. vauceli (Oxyuridae: Enterobiinae) from the brown 
lemur, Eulemur fulvus, of Madagascar, were used as outgroups. 
Phylogenetic analysis of partial18S rDNA was made on 10 sequences 
composed of I E. (E.) macaci from Japanese monkeys of the present 
study; 4 Enterobius vermicularis from 2 Japanese and I Sudanese humans, 
and I captive chimpanzee in Japan; I Enterobius anthropopitheci from I 
captive chimpanzee in Japan; and 3 Trypanoxyuris atelis subspp. from a 
hairy spider monkey, wooly monkey, and black-handed spider monkey, all 
captive in Japan (Hasegawa et a!., 2004), and an outgroup (DDBJ 
accession numbers AB626595-AB626605). Analyzed sequences of Cox1 
other than those of E. (E.) macaci were as follows: 16 haplotypes of E. 
vermicularis belonging to 3 types sense of Nakano et a!. (2006), namely, 6 
type A from 5 Japanese and I Korean humans,S type B from I Japanese, 
I Brazilian, and I Sudanese humans, 2 captive chimpanzees in Japan and I 
captive chimpanzee from the Czech Republic, and 5 type C from captive 
chimpanzees in Japan; I haplotype of E. anthropopitheci from a captive 
chimpanzee in Japan (Hasegawa and Udono, 2007); 2 haplotypes of 
Trypanoxyuris microon from night monkeys; 3 haplotypes of T. atelis 
subspp. from a hairy spider monkey, wooly monkey, and black-handed 
spider monkey, all captive in Japan (AB626857-AB626880, EU281143). 
RESULTS 
REDESCRIPTION 
Enterobius (Enterobius) macaciYen, 1973 
(Oxyuridae: Enterobiinae) 
(Figs. 1-14) 
General diagnosis: Small worm. Cephalic vesicle present. 
Cuticle with transverse striations. Lateral alae present in both 
sexes. Mouth triangular, surrounded by 3 lips, each round, 
extended, with thin hyaline rim apically. Anterior end of pharynx 
with convex tooth with fine denticles on apical margin. Dorsal lip 
with 2 cephalic papillae, and subventrallips each with 1 cephalic 
papilla and amphidial pore. Esophagus composed of long corpus, 
short isthmus, and bulb with valve. 
Male (4 worms): Posterior body bent ventrally. Lateral ala 
single crested, commencing slightly posterior to nerve ring, ending 
far anterior to anus. Length 2.15-2.82 (mean 2.50) mm, width at 
midbody 160-195 (174). Distance between amphidial pores 33 
(n = 1). Cephalic vesicle 112-160 (124) long by 107-120 (115) 
wide. Total length of esophagus including pharynx 465-495 (468) 
(i.e., 15.5-23.0 [18.9]% of worm length). Pharynx 14-19 (17) long; 
corpus 320-353 (338) long by 58-64 (61) wide; isthmus 8-19 (13) 
long by 22-29 (24) wide, bulb 93-107 (101) long by 86-98 (92) 
wide. Nerve ring 142-166 (154), excretory pore 608-793 (714) 
from cephalic end. Testes running anteriorly, recurved at level 
posterior to excretory pore. Caudal papillae 4 pairs: first pair 
large, preanal, directing laterally; second and third pairs closely 
set, small, surrounded by thick cuticular rings; adanal, directing 
ventrally; fourth pair large, at caudal end, directing posterolat-
erally. Spicule tapering to middle, bent ventrally at proximal one 
third and near distal end, 89-102 (97) long; manubrium elliptical 
in lateral view and oblong in ventral view. Tail appendage absent. 
Female (14 worms): Worm length 5.52-7.67 (mean 6.74) mm, 
width 364-546 (470) at midbody. Cephalic plate largely hex-
agonal, surrounded by thickened cuticle with uneven contour. 
Distance between amphidial pores 41-42 (n = 3). Lateral alae 
commencing slightly posterior to nerve ring as single crested, 
bifurcated at esophageal isthmus or bulb level, becoming double 
crested, extending posteriorly, and united becoming single crested, 
ending to level slightly anterior to caudal end. Cephalic vesicle 
102-189 (140) long by 131-170 (154) wide. Total esophagus length 
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including pharynx 733-860 (804) (i.e., 11.2-13.2 [11.9]% of worm 
length). Pharynx 21-29 (25) long; esophageal corpus 559-670 
(619) long by 86-102 (96) wide; isthmus 6-18 (11) long by 29-38 
(33) wide; bulb 138-160 (150) long by 134-170 (148) wide. Nerve 
ring 173-243 (202), excretory pore 1.04-1.36 (1.22) mm from 
cephalic end. Vulva 2.02-2.67 (2.38) mm (i.e., 33.5-38.6 [35.3]% 
of worm length) from cephalic end. Vagina directed posteriorly; 
vulvular cuticular vagina short; cellular wall of vagina uterina 
closer to opening to uterus than to vulva. Amphidelphic. Tail long 
conical, distally pointed, 0.80-1.04 (0.92) mm long (i.e., 11.8-17.3 
[13.6]% of worm length). Eggs asymmetrical with convex sides, 
thick-shelled, 53-62 X 25-32 (mean 58.3 ±SD 3.1 X 28.7 ± 2.1), 
round triangular in cross section, containing early-stage embryos. 
Taxonomic summary 
Host: Japanese macaque, Macaca fuscata. 
Site of infection: Cecum and upper colon. 
Locality: Kamikitayama and Tenkawa, Nara, Japan; Ube, 
Yamaguchi, Japan. 
Date: 24 November 2010 and 18 December 2010 (Kamiki-
tayama); 16 September 2010 (Tenkawa); 4 August 2010 (Ube). 
Prevalence: Three of 10 monkeys around Kamikitayama-
Tenkawa area, Nara, and 111 in Ube, Yamaguchi. 
Intensity: Fifty-six (3 males and 53 females) in host no. 2, 2 
(1 male and 1 female) in host no. 7, 10 (10 females) in host no. 10, 
14 (14 females) in host no. 11. 
Specimens deposited: NSMT-As 3645 (4 males and 12 females 
from Kamikitayama, Nara, NSMT-As 3646 (2 females from Ube, 
Yamaguchi). 
DNA sequence analysis 
Partial 18S rDNA (757 base pairs) and partial Coxl mtDNA 
(715 base pairs) of E. macaci were successfully sequenced (DDBJ 
accession numbers AB626603-AB626604 for 18S rDNA and 
AB626858-AB626859 for Coxl). No difference was observed in 
the 18S rDNA sequence between Kamikitayama and Ube 
samples. Seven base substitutions, including 2 non-synonymous 
ones (Leucine to Methionine), were observed in Coxl sequences 
between the 2 localities. 
Phylogenetic analyses of 18S rDNA were made on 751 and 754 
nucleotide positions in the final datasets using S. frederici and 
L. cf. vauceli as outgroups, respectively. When S. frrederici was 
outgrouped, resulted trees by the 3 methods showed the same 
topology, i.e., lineages to Trypanoxyuris spp. and Enterobius spp. 
separated first. Then, from the latter, the ancestor of E. macaci 
was split, and then that of E. anthropopitheci diverged. Among the 
haplotypes of E. vermicularis, those with Coxl sequences of type 
C (Nakano et ai., 2006) first diverged from others (Fig. 15). When 
L. cf. vauceli was used as an outgroup, trees had the same splitting 
order as in the trees with S. frederici, but the branch length to 
Trypanoxyuris spp. was 2 times longer than the combined length 
from the fission of Enterobius and Trypanoxyuris lineages to E. 
vermicularis (data not shown). When analyses were made with 
both S. frederici and L. cf. vauceli, they failed to form outgroup 
lineage. 
Phylogenetic analyses of Coxl were conducted with 211 and 
236 amino acid positions in the final dataset using S. frederici and 
L. cf. vauceli as outgroups, respectively. Among 48 amino acid 
substitution models tested, the general reversible chloroplast + 
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FIGURES 1-4. Male of Enterobius (Enterobius) macaci Yen, 1973 collected from Japanese macaque, Macaca fuscata, in Japan. (1) Whole worm, left 
lateral view. (2) Cephalic end, apical view. (3,4) Caudal end, left lateral (3) and ventral (4) views. 
Gamma model gave the best scores for the dataset with S. 
frederici as the outgroup (Bayesian Information Criterion [BIC] 
2,766.648; Akaike Information Criterion corrected [AICc] 
2,452.153; ML value [lnL] -1,177.626). Because the mitochon-
drial gene is to be analyzed, the general reversible mitochondrial 
24 + Gamma model, which gave the second best score (BIC 
2,767.307; AICc 2,452.812; InL -11,77.956), was employed. For 
the dataset with L. cf. vauceli as outgroup, JTT + Gamma model 
(BIC 5,401.461; AICc 5,090.078; InL -2,496.559) was chosen as 
the best one and employed for the analysis. 
Both analyses gave trees with the similar branching pattern 
found in 18S rDNA analyses, that is, Trypanoxyuris and 
Enterobius lineages split first (Figs. 16, 17). From the Enterobius 
lineage, the ancestor of E. macaci diverged first, and then E. 
anthropopitheci was split, though the bootstrap value at the 
divergence to E. macaci was rather low when S. frederici was used 
as an outgroup. Among the haplotypes of E. vermicularis, those 
belonging to the type C sense of Nakano et al. (2006) split prior to 
the divergence of other types. Bootstrap values for the haplotypes 
belonging to the types A and B were generally low, and both types 
were intermingled with each other in the clades in ML tree when 
S. frederici was used as an outgroup (Fig. 16). Additional ML 
analysis was also made on the same data set, but using JTT + 
Gamma model. The resulted tree had the same topology as that 
5 
:] 
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FIGURES 5-14. Female of Enterobius (Enterobius) macaci Yen, 1973 collected from Japanese macaque, Macaca juscata, in Japan. (5) Whole worm, 
left lateral view. (6) Anterior body, left lateral view. (7,8) Cephalic end, left lateral (7) and apical (8) views. (9) Cross section through esophageal corpus 
showing I-crested lateral ala. (10) Cross section through midbody showing 2-crested lateral ala. (11) Perianal region, left lateral iew. (12) Ovejector and 
proximal portion of uterine tube, right lateral view. (13) Egg. (14) Optical cross section of egg. 
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FIGURE IS. Phylogenetic tree of pinworms reconstructed by maximum likelihood (ML) method based on 751 nucleotide positions of partial18S 
rDNA with Syphaciafrederici as outgroup. Branching order was also identical in both neighbor-joining (NJ) and maximum parsimony (MP) analyses. 
The bootstrap values are shown above the branches in the order MLiNJ/MP. A, B, and C correspond to the individuals with types A, B, and C of 
mtDNA Cox} sequence of Enterobius vermicularis as defined by Nakano et al. (2006). 
shown in Figure 16, though bootstrap values were slightly 
different. When the analyses were made using L. cf. vauceli as 
an outgroup, the ML tree was congruent with the above trees in 
the principal branching pattern, and the haplotypes of E. 
vermicularis are separated grossly according to the types sense 
of Nakano et a!. (2006) (Fig. 17). NJ and MP analyses gave the 
similar pattern of branching, but the haplotypes belonging to the 
types A and B were not separated clearly (not shown here). 
Remarks 
The present species belongs to Enterobius by having second 
and third caudal papillae surrounded by thick cuticular rings 
and lacking a caudal appendix in male, and it possesses key 
characteristics of the subgenus Enterobius, of which the pharyn-
geal teeth lack superstructures (Hugot et a!., 1996). The 
morphology of the present worms coincides with that of original 
description of E. (E.) macaci, especially in the characteristic 
shape of the spicule (Yen, 1973). The male photomicrograph 
presented by Lin (1997) also showed the identical shape of the 
spicule, The spicule length of the present males falls within the 
range (38-105 /lm) recorded by Yen (1973). Egg size varied 
according to the authors: 55-62 X 27 /lm by Yen (1973), 60.6-67.9 
(mean 64.3) X 28-38.9 (33.4) /lm by Lin (1997). Among the 
present females, those from Ube had a shorter body (5,55-
5.74 mm) and smaller eggs (53-59 X 25-30 /lm), while those from 
Kamikitayama possessed a longer body (6.14--7.67 mm) and 
larger eggs (58-62 X 27-32 /lm). Yen (1973) wrote that the vulva 
is located at the junction between the first and second one-fifth, 
but the measurements given by him indicate more posteriorly 
positioned vulva, 
Although no redescription has been made, some additional 
characteristics are presented in the data matrix for cladistic 
analysis by Hugot (1999), who observed the material obtained by 
Yen (1973) and Lin (1997). Among the characteristics of E. 
macaci in the data matrix, the following are not common in the 
other Enterobius species analyzed: (1) square cuticular blade with 
lozenge-shaped extension between the third pair of male genital 
papillae; (2) thick rectangular spicule manubrium; (3) double-
bowed spicule corpus; (4) ventrally angled spicule point; (5) 
absence of tail appendage; (6) generalized type of cephalic vesicle; 
(7) lips with extended round edges; (8) apex of pharyngeal teeth 
with a strong and thick denticle of Enterobius type; (9) lateral alae 
with 2 triangular crests in cross section of female; (10) eggs 
asymmetrical convex on each side; and (11) ratio worm length/egg 
length ranging from 115 to 175. 
The present worms share the above mentioned characteristics, 
except (I), (8), and (11), In the present males, the square cuticular 
blade was not observed in the perianal regions, even by using 2 
microscopes with Nomarski interference contrast of different 
optical companies at 1,000 X magnification with oil immersion. 
This structure may be often hardly discernible, and its observation 
presumably depends on the microscope type, Each of the 
pharyngeal teeth of the present worms has denticles. According 
to the data matrix by Hugot (1999), E. macaci has the same 
feature with E. vermicularis. The apical teeth in E. vermicularis 
also have denticles, Hence, this discrepancy may be due to 
difference of interpretation of the minute structures. In the 
present females, the ratio worm length-egg length was 115,5 on 
average, just over the lower limit, but was smaller than 115 in 5 of 
12 worms measured when the average egg length was used. The 
original measurements by Yen (1973) also show the ratio smaller 
than 115. 
DISCUSSION 
This is the first record of E. macaci from Japanese macaque, 
Despite the fact that many parasitological examinations have 
been conducted for Japanese macaques, pinworms have not been 
observed. More than likely, the frequency of pinworm eggs in 
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Syphacia frederici (Field mouse, wild, Japan) [AB282593](outgroup) 
FIGURE 16. Phylogenetic tree of pinworms reconstructed by maximum likelihood method based on 211 positions of amino acid sequence of Cox], 
with Syphaciafrederici as the outgroup. The bootstrap values are shown above the branches in the order MLINJ/MP. A, B, and C correspond to the 
individuals with types A, B, and C of mtDNA Cox] of E. vermicularis as defined by Nakano et al. (2006). 
feces is very low. Lin (1997) found only 1.1% of the feces of 
Taiwan macaques were positive for pinworm eggs. Consequently, 
it seems curious that the 4 macaques necropsied in 2010 harbored 
this nematode. In modern-day Japan, Taiwan macaques and 
rhesus monkeys escaped from zoos have established feral 
populations, and they are able to interbreed with aboriginal 
Japanese macaques. The population to which the host no. 10 
belonged is known to interact with such Taiwan macaques. At the 
present time, it is unknown whether the pinworms of host no. 10 
were endemic or introduced by Taiwan macaques. More study, 
especially Cox} analysis of pinworms collected from macaques in 
Taiwan, may be necessary to clarify this situation. 
It has been postulated that primates and their pinworms have 
a co-evolutionary relationship (Cameron, 1929; Hugot, 1999). 
However, molecular evidence on this relationship is limited 
(Nakano et aI., 2006; Hasegawa, 2009). The divergence of an 
ancestor of E. (E.) macaci inferred by both 18S rDNA and Cox} 
occurred after the fission of the New and Old World lineages at a 
position more basal to those parasitic in hominid pinworms 
analyzed. This order of divergence is congruent with that of the 
evolution of the host primates (Goodman et aI., 2005), 
supporting the co-evolutionary hypothesis of pinworms and 
primate hosts. It also concurs with that suggested by the cladistic 
analysis on morphological characteristics (Hugot, 1999). Further 
analyses on other pinworm species, especially those in the 
subgenus Colobenterobius, are expected to more clearly depict 
the co-evolutionary process of pinworms parasitic in the Old 
World primates. 
A prosimian lineage is considered to have diverged before the 
fission of Old and New World primate lineages about 60 million 
yr ago (Goodman et aI., 2005; Horvath and Willard, 2007). The 
18S rDNA seems to be suitable for phylogenetic analyses of such 
long timescale for nematodes (e.g., De Ley and Blaxter, 2002). At 
first, Lemuricola spp., parasitic in prosimians, was thought to be 
an appropriate outgroup for the phylogenetic analysis of the 
pinworms. However, when L. cf. vauceli was used as the 
outgroup, the branch to Trypanoxyuris spp. became unexpectedly 
longer. Meanwhile, employment of S. frederici as an outgroup 
gave trees more congruent with that of the host primates. 
Lemuricola spp. in prosimians possess morphology quite different 
from those in other primate groups. For example, males have 5 
pairs of caudal papillae, with 1 pair having a peculiar morphology 
(Chabaud et aI., 1965; Hasegawa, 2009). These morphological 
characteristics and the above features in molecular analyses 
suggest that Lemuricola and EnterobiuslTrypanoxyuris lineages 
had different origins. 
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r- E. vermicularis (Human: Japanese) [AB626865] 
E. vermicularis (Human: Japanese) [AB626869] 
f- E. vermicularis (Human: Japanese) [AB626864] 
E. vermicularis (Human: Japanese) [AB626866] 
A 
85/83/80 E. vermicularis (Human: Korean)[EU281143] 
r-"-- E. vermicularis (Chimpanzee, captive, Czech) [AB626871] 
E. vermicularis (Human: Sudanese) [AB626863] 
r- E. vermicularis (Human: Brazilian) [AB626868] 
t--- E. vermicularis (Chimpanzee, captive, Japan) [AB626872] 
37/--/--* E. vermicularis (Human: Japanese) [AB626867] 
E. vermicularis (Chimpanzee, captive, Japan) [AB626870] 
f- E. vermicularis (Chimpanzee, captive, Japan) [AB626873] 
83/59/63 
...-____ --.;9...;9.:../-...;-/:...-_-*-1 E. vermicularis (Chimpanzee, captive, Japan) [AB626874] 
E. vermicularis (Chimpanzee, captive, Japan)[AB626880] 
E. vermicularis (Chimpanzee, captive, Japan) [AB626861] 
97/96/88 E. vermicularis (Chimpanzee, captive, Japan)[AB626862] 
E. anthropopitheci (Chimpanzee, captive, Japan) [AB626860] 
100/100/100 I E. macac; (Japanese macaque, wild, Yamaguchi, Japan) [AB626859] 
E. macac; (Japanese macaque, wild, Nara, Japan) [AB626858] 
r-___ ......;;1..:;..00;.:./..:;..10..:;..0;;.:../.;::.10:;...:0-t11 T. microon (Night monkey, captive, Japan) [AB626878] 
95/98/81 I I T. microon (Night monkey, captive, Japan) [AB626879] 
'-----....:.....:.--1 l 98/99/98 J T. atelis (Wooly spider monkey, captive, Japan) [AB626877] 
91/84/75 T. atelis (Black-handed spider monkey, captive, Japan) [AB626875] 
T. atelis (Hairy spider monkey, captive, Japan) [AB626876] 
L. cf. vauceli Brown lemur wild Madagascar) [AB626857] [outgroup] 
1------1 
0.02 
substitutions/site 
FIGURE 17. Phylogenetic tree of pinworms reconstructed by maximum likelihood method based on 236 positions of amino acid sequences of 
CoxI. with Lemuricola cf. vauceli as outgroup. The bootstrap values are shown above the branches in the order MLINJIMP. A, B, and C correspond to 
the individuals with types A, B, and C of mtDNA CoxI of E. vermicularis as defined by Nakano et al. (2006). *In NJ and MP trees, those with type C of 
CoxI form a monophyletic clade with bootstrap value of 98(NJ)/99(MP) at the separation node with other types. 
Enterobius macaci is parasitic in Macaca monkeys and has been 
recorded from 4 macaque species in southern China, Taiwan, and 
Japan (this study). Because a pinworm species is often specific to I 
genus of primates, other Macaca species distributed in Indo-
Malayan regions may also harbor E. macaci. The extraordinary 
wide range of the spicule length reported by Yen (1973) and 
variation of egg size suggest that some level of diversification has 
occurred among E. macaci populations. DNA sequence analyses 
may reveal whether intraspecific variations of E. macaci also have 
a co-evolutionary trait with host macaques. 
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A NEW SPECIES OF SPAULIGODON (NEMATODA: OXYURIDA: PHARYNGODONIDAE) 
IN GECKOS FROM SAO NICOLAU ISLAND (CAPE VERDE) AND 
ITS PHYLOGENETIC ASSESSMENT 
Fatima Jorge, Miguel A. Carretero, Ana Perera, D. James Harris, and Vicente Roca* 
CIBIO-UP, Centro de Investiga<;:ao em Biodiversidade e Recursos Geneticos, Universidade do Porto, Campus Agrario de Vairao, 4485-661 Vairao, 
Portugal. e-mail: fatima.esperanca@cibio.up.pt 
ABSTRACT: A new nematode species, Spauligodon nicolauensis n. sp., is described from geckos Tarentola bocagei and Tarentola 
nicolauensis on the island of Sao Nicolau, Cape Verde. The new nematode was found in the pellets obtained directly from the geckos in 
a non-invasive fashion, and its identity was assessed both at morphologic and genetic levels. The new species has morphological 
similarities with Spauligodon tarentolae Spaul, 1926, also parasitizing geckos from the Canary Islands. However, the male cloacal 
region in the new species is distinct, presenting a different shape of the caudal papillae. The overall resemblance probably resulted from 
colonization via descent from an ancestor of S. tarentolae carried by the ancestor of Cape Verde Tarentola. The analysis of nuclear 
DNA sequences confirms that the new species is phylogenetically distinct from all other Spauligodon species already analyzed, forming 
a group clearly separated from species parasitizing lacertid lizards. The COl genetic distance suggests that the S. nicolauensis n. sp. 
found in the 2 species of geckos in Sao Nicolau Island may have resulted from a host-switching event, when they came into contact 
after the unification of the island. 
The Tarentola geckos from the Cape Verde archipelago 
originated from a single colonization, followed by radiation 
events between the islands (Carranza et ai., 2000). Currently there 
are 12 accepted endemic species (Vasconcelos et ai., 2012). 
However, despite extensive knowledge regarding these geckos, as 
far as we know, no studies on their helminth fauna have been 
performed to date. During a helminthological examination of 
pellets from Tarentola bocagei Vasconcelos et ai., 2011, and 
Tarentola nicolauensis Schleich, 1984, both endemic to Sao 
Nicolau Island, an undescribed Spauligodon Skrjabin, Schikho-
balova and Lagodovskaja, 1960, species was found. Spauligodon 
includes a cosmopolitan group of nematode parasites of reptiles 
comprising at least 47 described species, with 20 of them occurring 
in the Palearctic region (Bursey and Goldberg, 2011). The recent 
use of molecular techniques in phylogenetic studies of Spauligo-
don suggests that probably there are still several undescribed 
species within the Palearctic (Jorge et ai., 2011). 
MATERIAL AND METHODS 
Parasitological procedures 
Nematodes were collected from pellets stored in 96% ethanol, which were 
obtained through spontaneous defecation or by gently massaging the 
abdomen of both T. bocagei and T. nicolauensis from Sao Nicolau Island, 
Cape Verde (Fig I), in 2009. Host specimens were subsequently released 
after a tissue sample was taken (tail tip), which later allowed the 
confirmation of the host species using genetic markers (Vasconcelos et aI., 
in press). Fifty-two pellets were collected and inspected for nematodes using 
a stereoscopic microscope. Nematodes were isolated, washed, and fixed in 
96% ethanol. For identification, nematodes were placed onto a slide with 
bleaching solution under a coverslip following Foitova et al. (2008) and 
identified using a light microscope (Olympus CX41). Spauligodon sp. 
specimens were photographed using an in-built digital camera Olympus 
SC30 and measured with cell"B software (basic image-acquisition and 
archiving software, Olympus®). Following De Ley et al. (2005), a video of 
the male posterior end was also recorded using the same software. 
Illustrations were made with a drawing tube attached to the microscope. 
In total, 196 Spauligodon specimens were retrieved from the pellets of 13 
hosts. Seven Tarentola delalandii specimens from the Alexander Koenig 
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Research Museum (ZFMK 2154, 2176, 2274, 34795, 34852, 37246, and 
38437) collected in Tenerife, Canary Islands, were also inspected for 
Spauligodon nematodes. In the latter cases, the body cavity of the host was 
opened and the intestine removed, after which it was examined for the 
presence of parasites. Nematodes were subjected to the same parasitological 
procedures described above. Only I of the specimens examined (ZFMK 
37246) was infected with Spauligodon tarentolae nematodes (60 males and 
II immature females). Nematode specimens used in the genetic analysis 
were also photographed to provide a record of the extracted specimens. 
Description photographs and video have been deposited in MorphoBank 
(http://www.morphobank.org; Appendix I). Type specimens were deposited 
in the Natural History Museum of London. 
Genetic analysis 
Extractions of genomic DNA were performed on individual nematodes 
using the DNeasy Blood & Tissue Kit from Qiagen (Hilden, Germany) 
according to the manufacturer's protocol. Two partial gene fragments were 
analyzed: the mitochondrial cytochrome oxidase subunit I (COl) and the 28S 
nuclear ribosomal gene. These fragments were chosen so that the results could 
be directly compared to those from a previous study on Spauligodon (Jorge et 
aI., 2011). The COl fragment was amplified using the primers LCD and HCO 
described by Folmer et al. (1994). The 28S rD1.2a and 28S B primers 
described by Whiting (2002) were used for the amplification ofthe 28S rRNA 
fragment. Polymerase chain reactions (PCR) were performed in a total 
volume of 20 ~, comprising PCR buffer at I X concentration, MgCh at 
1.5 mM and dNTPs at a concentration of 0.2 mM for each nucleotide, 
primers at 0.5 11M each, BSA (bovine serum albumin) (Roche Applied 
Science, Mannheim, Germany) at 0.4 I1gl~, and Taq DNA polymerase 
(Invitrogen Corporation, Carlsbad, California) at 0.025 units/~. Two 
microliters of extracted nematode DNA template was used. The PCR 
reaction consisted of 35 iterations of the following cycle: 30 sec at 94 C, 30 sec 
at 45-54 C (depending on primers used), and I min at 72 C, beginning with an 
additional denaturation step of 3 min at 94 C, and ending with a fmal 
extension at 72 C for 10 min. Amplified fragments were sequenced for both 
strands with the same primers used in the amplification process, by an 
international facility (Macrogen Corporation http://www.macrogen.com). 
Phylogenetic analysis 
For all the sequences, a contig sequence was assembled in the program 
CodonCode Aligner 3.6.1 (CodonCode Corporation, 2009). The contig 
sequences were then aligned in the program BioEdit 3.0.3 (Hall, 1999). 
Additional Spauligodon spp. sequences from Jorge et al. (2011), but with a 
slightly longer nucleotide sequence (approximately 41bp in COl and 6 bp 
in 28S rRNA), were added to the alignment of the 28S rRNA, for 
determining the relationships between new species and other Spauligodon 
species. Previously published (Jorge et aI., 2011), but unidentified, 
sequences of the new species (from T. bocagez) were also included. The 
alignment of the COl fragment was trivial due to the absence of indels, 
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TABLE 1. Nematode specimens used in the phylogenetic analysis, including their respective host species, locality, and GenBank accession numbers. 
Abbreviations: SN, Sao Nicolau; CV, Cape Verde. 
Species Specimen code Locality 
Spauligodon nicolauensis * Oasis Carric;al, SN, CV 
S. nicolauensis 2765F Oasis Carric;al, SN, CV 
S. nicolauensis 2936F Oasis Carric;al, SN, CV 
S. nicolauensis 2936M Oasis Carric;al, SN, CV 
S. nicolauensis 288lF Oasis Carric;al, SN, CV 
S. nicolauensis 2798F Juncalinho, SN, CV 
S. nicolauensis 2798M Juncalinho, SN, CV 
S. nicolauensis 2812F Juncalinho, SN, CV 
S. nicolauensis 2877F Juncalinho, SN, CV 
S. nicolauensis 2885F Juncalinho, SN, CV 
S. nicolauensis 2958F Faja de Baixo, SN, CV 
S. nicolauensis 2958F2 Faja de Baixo, SN, CV 
S. nicolauensis 2828F Ribeira Brava, SN, CV 
Spauligodon auziensis * Morocco 
Spauligodon saxicolae * Armenia 
Spauligodon carbonelli * Spain 
Spauligodon atlanticus * Canary Islands, Spain 
S. atlanticus * Canary Islands, Spain 
S. at/anticus * Canary Islands, Spain 
Spauligodon lacertae * Armenia 
S. lacertae * Armenia 
Parapharyngodon echinatus * Canary Islands, Spain 
P. echinatus * Canary Islands, Spain 
* Reference: Jorge et al. (2011). 
while the 28S rRNA fragment was aligned using ClustalW implemented in 
the program MEGA 4.0.2 (Tamura et aI., 2007), with default parameters. 
For the COl alignment all sequences were translated, confirming that all 
codons corresponded to amino acids. Following Jorge et al. (2011), 
Parapharyngodon echinatus was used as an outgroup in the 28S rRNA 
analyses, whereas Spauligodon lacertae was used as an outgroup in the 
COl analyses. The AIC criterion was implemented in jModelTest 0.1.1 
(Posada, 2008) to select the model of evolution that best fit each data 
set. Phylogenetic inferences were estimated using 2 methods, Bayesian 
inference (BI) and maximum likelihood (ML), implementing the most 
appropriate parameters according to the estimated models. For the COl 
dataset the implemented model was HKY+I, while TIM+G was selected 
for 28S rRNA. Bayesian analyses were performed in MrBayes 3.1 
(Huelsenbeck and Ronquist, 2001) and ran for 5 million generations with 
random starting trees, sampling every 100 generations. A 50% majority-
ru1e consensus tree was used to summarize the trees sampled with the post 
burn-in trees, after verifying that stationary was reached by plotting log-
likelihood values against generation time. Maximum likelihood analyses 
were performed in PhyML 3.0 (Guindon and Gascuel, 2003). Branch 
support was estimated by bootstrap analysis (Felsenstein, 1985) with 1,000 
replicates. Estimates of the pairwise uncorrected differences (p-distance) 
for each fragment was calculated in MEGA 4.0.2 (Tamura et aI., 2007). 
New sequences are available in GenBank (Table I). 
DESCRIPTION 
Spauligodon nicolauensis n. sp. 
(Figs. 2-6) 
General diagnosis (based on 11 males and 10 females): Oxyurida 
Weinland, 1858: Pharyngodonidae Travassos, 1919, Spauligodon Skrjabin, 
Schikhobalova and Lagodovskaja, 1960. Small-sized nematodes with 
cylindrical body and tapering anterior extremities. Sexually dimorphic, 
with males approximately one third the size of gravid females. Cuticle with 
distinct transversal striations more marked in males. Very narrow lateral 
alae present only in males. Mouth opening triangular, enclosed by 3 
GenBank 
Host 28S rRNA COl 
Tarentola bocagei JF829243 JF829265 
T bocagei JN6l9349 
T bocagei JN619354 
T bocagei JN6l9355 JN619365 
T bocagei JN6l9363 
T. bocagei JN619350 
T bocagei JN619361 
T. bocagei JN6l9351 JN6l9362 
T. bocagei JN6l9352 JN619360 
T bocagei JN6l9353 JN6l9363 
Tarentola nicolauensis JN6l9356 
T nicolauensis JN619357 
T nicolauensis JN6l9358 JN6l9359 
Tarentola mauritanica JF829242 
Darevskia unisexualis JF829246 
Podarcis hispanica sensu stricto JF829248 
Gal/otia atlantica mahoratae JF82925I 
Gal/otia galloti galloti JF829256 
Gallo tia caesaris caesaris JF82926I 
Lacerta strigata JF829252 JF829286 
Lacerta media JF829255 JF829287 
G. a. mahoratae JF829240 
G. a. mahoratae JF829241 
slightly bilobed lips. Esophagus ends in subspherical bulb, separated from 
corpus by small constriction. Tail filiform and aspinose. 
Male (based on 11 mature individuals): Small, filiform, 1,1l1.8± 
133.5 ~m (936.6-1,329.8 ~) body length and 42.5±3.7 ~ (36.7-46.8) 
wide at the level of the excretory pore (excluding lateral alae). Very narrow 
lateral alae, extending from anterior end behind lips to anterior border of 
caudal alae. Length of esophagus (excluding bu1b) 146.6±20.9 ~m (108.7-
160.1) with 15.7±2.7 ~ (11.1-19.7) wide; esophageal bulb 35.5± 5.0 ~ 
(26.0-42.0) in length and 32.5±3.9 ~ (26.0-37.8) wide. Nerve ring and 
excretory pore located at 89.6± 17.8 ~ (63.4-125.2) and 320.9±79.7 ~ 
(212.0-452.5), respectively, from anterior end. Posterior end extending into 
tail, with very slight caudal alae projected at both sides of cloaca. Three 
pairs of caudal papillae, first 2 enclosed by caudal alae, third pair situated at 
base of tail directed outward, not enclosed by caudal alae. Precloacal pair 
(first pair) lies in higher area of posterior end, ventrally directed, consisting 
of 2 spherical pedunculated papillae. Second pair consisting of 2 large 
papillae flattened at tip, with thick, large peduncles. Third pair resembles 
second pair, but smaller. Genital cone situated in mid-ventral line 
surrounded by membranous curtain with fingerlike extremities. Aspinose, 
filiform tail with 68.9±9.1 ~m (56.4-87.1) in length. Spicule absent. 
Female (based in 10 mature individuals): Small, filiform, 3,299.0±543.9 ~ 
(2,716.2-4,441.3 ~) body length and 392.8±99.7 ~ (271.3-627.0) wide at 
mid-body level. Oral opening surrounded by 3 small, slightly bilobed lips. 
Length of esophagus (excluding bu1b), 262.7±27.5 ~ (227.0-309.4) with 
37.9±5.6 ~ (28.4-44.9) wide; esophageal bu1b 108.3± 9.3 ~ (96.2-124.7) 
long and 113.4±11.5 ~ (95.8-127.1) wide. Nerve ring located at 
126.9±25.7 ~m (94.6-164.0) from anterior end. Excretory pore and vulva 
opened at postbu1bar level at 426.4±90.6 ~ (294.3-ti14.2) and 
483.8±89.4 ~ (360.1-658.4), respectively, from anterior end. Thick, 
muscu1ar vagina, directed posteriorly with 328.1 ±60.3 ~ (220.1-448.1) 
length. The ovaries are located behind the vulva, females being opistodelphic. 
In fu11y gravid females, uterus extends anterior slightly behind the vu1va and 
posterior almost reaching the end of the body. Tail aspinose, fIliform, with 
387.6±62.6 ~ (238.6-455.5) in length. Asymmetrical eggs, with differently 
truncate extremities, with polar cap in I pole. Eggs with 138.5±9.3 ~ 
(107.5-153.1) in length and 47.0±5.2 ~m (36.6-56.6) wide. 
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FIGURE 1. Map of the Cape Verde Islands with the geographic location 
of Spauligodon nicolauensis n. sp. samples, with their respective host 
species, included in the analysis (see Table I for details). (A). Geographic 
location of Cape Verde. (B) Cape Verde archipelago. (C) Sao 
Nicolau Island. 
Taxonomic summary 
Type host: Tarentola bocagei Vasconcelos et al. (2011) (Reptilia: 
Phyllodactylidae ). 
Type locality: Oasis Carri~al, Sao Nicolau Island, Cape Verde (16°33'N, 
24°4'W). 
Additional host: Tarentola nicolauensis Schleich, 1984 (Reptilia: 
Phyllodactylidae ). 
Additional localities: Juncalinho, (16°37'N, 24°07'W), Ribeira Brava 
(16°36'N, 24°17'W) and Faja de Baixo (16°39'N, 24°18'W), Sao Nicolau 
Island, Cape Verde. 
Prevalence: Ten of 24 T. bocagei examined (41.7%); 3 of 28 (10.7%) T. 
nicolauensis examined. 
Mean intensity of infection (range): 8.8±6.8 (1-19) in T. bocagei; 
38.0± 19.5 (23-60) in T. nicolauensis. 
Type specimens: Holotype, adult male (NHMUK 2011.9.14.1); allotype, 
adult pregnant female (NHMUK 2011.9.14.2); paratypes 2 adult males 
and 3 adult females (NHMUK 2011.9.14.3-7). MorphoBank M67971, 
M67983-M67985, M67982, and M68259. 
Etymology: The new species is named for the island where it was 
discovered. 
Remarks 
The new species was identified as a member of the Pharyngodonidae, 
which are characteristically found in carnivorous reptiles (petter, 1966; 
Roca, 1999). The vulva opening in the anterior part of body, tail long and 
pointed in both sexes, the morphology of the last pair of papillae separated 
and not rosette-shaped, and also the carnivorous feeding habits of the 
hosts T. bocagei and T. nicolauensis limit the discussion to the 
consideration of only 3 genera parasitizing carnivorous reptiles (petter 
and Quentin, 1974): Pharyngodon Diesing, 1861 (=Neopharyngodon 
Chakravarty et Bhaduri, 1948), Spauligodon Skrjabin, Schikhovaloba et 
Lagodovskaja, 1960, and Skrjabinodon Inglis, 1968. The inclusion of the 
described species in Spauligodon is reasonable due to the configuration of 
caudal alae in the males supported only by the first 2 pairs of papillae. 
This feature clearly separates species of Spauligodon from Pharyngodon 
and Skrjabinodon (Petter and Quentin, 1974). Spauligodon species have 
been distinguished based on the presence or absence of a spicule, spines on 
the tail filament of adults, egg morphology, and geographical distribution 
(Bursey et aI., 2005). However, genetic analyses have revealed a lack of 
consistency between morphology and phylogeny within this genus (Jorge 
et aI., 2011). Nevertheless, the new species, S. nicolauensis, resembles 
another insular parasite of geckos, S. tarentolae (MorphoBank M67997-
M68000). This similarity occurs at the general level of the morphological 
characteristics of males and females: size and lateral alae are not 
differentiated in females, the absence of a spicule, the absence of spines 
in the tail filament, the form of the caudal alae, and shape of the eggs. 
However, males of both species can be distinguished on the basis of the 
features of the posterior end, specifically in the form of the caudal 
papillae, which are thicker and do not present finger shaped forms in S. 
nicolauensis n. sp. Males of these 2 Spauligodon species, parasites of insular 
geckos, are thinner compared with other Spauligodon species and have 
more developed caudal alae. 
Sequence data and phylogenetic analysis 
Nucleotide sequences of the 28S rRNA fragment with an average length 
of 1,147 bp were obtained for 10 S. nicolauensis n. sp. specimens from 4 
localities (Fig. 1), from the 2 different hosts, T. bocagei and T. nicolauensis. 
No S. tarentolae specimens, however, were successfully amplified for this 
gene. The analysis of these fragments revealed no variation across S. 
nicolauensis. Both ML and BI analyses generated the same estimate of 
phylogeny, with the nematode S. nicolauensis being quite divergent from 
other Spauligodon spp. (4.2% minimum uncorrected p-distance for the 28S 
rRNA; Fig. 7). The ingroup of the COl analysis consisted of 690 bp for 8 S. 
nicolauensis specimens from 3 different localities, from the 2 different host 
species. The analysis of the COl fragment revealed a greater differentiation 
within S. nicolauensis. Between the 2 hosts, S. nicolauensis presented 4.2% 
genetic distance, with 0.3% genetic distance within the host T. bocagei 
(uncorrected p-distance, for the COl; Fig. 8). The peptide alignment did not 
indicate any amino acid substitutions. 
DISCUSSION 
The new species, Spauligodon nicolauensis, is both genetically 
and morphologically different from other species in the genus, 
forming a clade within the Spauligodon spp. phylogeny (Fig. 7). 
The differentiation of S. nicolauensis was noted in the morphol-
ogy of the males, which are smaller, thinner, and with a distinct 
caudal extremity relative to the other described members of the 
genus. Spauligodon nicolauensis does resemble the other parasite 
of geckos, S. tarentolae, from the Canary Islands. According to 
phylogenetic data, the Cape Verdean Tarentola species originated 
through a colonization from the western Canary Islands 
(Carranza et aI., 2000; Vasconcelos et aI., 2010) approximately 
7.73±1.8 million yr ago, with Sao Nicolau probably being the 
first island colonized (Vasconcelos et aI., 2010). Therefore, S. 
nicolauensis could have originated via colonization by an ancestor 
of S. tarentolae brought by the ancestral Cape Verde Tarentola 
species. However, there is still no genetic information regarding S. 
tarentolae to confirm or reject this hypothesis. 
The 2 geckos, T. bocagei and T. nicolauensis, present on Sao 
Nicolau probably originated by allopatric speciation, with 
secondary contact occurring only after the 2 independent islands 
of Sao Nicolau became united by volcanic activity 4.7 ± 2.6 million 
yr ago (Duprat et aI., 2007; Vasconcelos et aI., 2010). The 
presence of S. nicolauensis in the 2 gecko species present in Sao 
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FIGURES 2-6. Spauligodon nicolauensis n. sp. (2) Male, anterior end, ventral view. (3) Male, posterior end, ventral-lateral view. (4) Female, posterior 
end, ventral view. (5) Egg. (6) Female, anterior end, lateral view. 
Nicolau could have evolved via 2 different events: host switching or 
colonization by descent. In the first case, the parasite may have 
switched between T. bocagei and T. nicolauensis, or vice versa, when 
they came into contact. In the second case, the parasite may have 
been already present on the 2 islands that gave rise to Sao Nicolau, 
originating from the ancestor of Cape Verdean Tarentola species, 
before the 2 host species came into contact. However, it is generally 
predicted that parasites exhibit more rapid evolutionary rates than 
their hosts (assuming that parasites have shorter generation times, 
larger population sizes, and higher mutation rates). Therefore, 
considering that the genetic distance between S. nicolauensis from 
the 2 geckos (4.2% uncorrected p-distance, for the COl) is lower 
than that of the hosts (9.7% uncorrected p-distance, for cyt b; 
Vasconcelos et aI., 2012) the host-switching scenario seems the most 
likely, although the second hypothesis cannot be rejected. 
The radiation of the Tarentola in Cape Verde after a single 
colonization event, with limited gene flow between islands 
(Vasconcelos et aI., 2010), is suggestive of the presence of other 
Spauligodon forms in the archipelago, if the parasites successfully 
followed the colonization of the host. Moreover, until more data 
are available, the presence of other unrelated Spauligodon species 
in the Cape Verde Islands originating from the other natural 
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bootstrap support values. *Corresponds to a posterior probability value of 100. Specimen code descriptions are given in Table 1. 
colonizations of reptile hosts (Hemidactylus geckos and Chioninia 
skinks), cannot be discarded, as in the case of the Canary Islands 
(Jorge et aI., 2011). A more extensive study of the helminth fauna 
of the reptiles of the Cape Verde Islands is required to determine 
which species are present and the relationships and origins of the 
present host parasite associations. 
According to the inferred Spauligodon spp. phylogeny 
(Fig. 7), the species parasitizing lacertids form a monophyletic 
group, an indication of host specificity. However, in the case of 
the species parasitizing geckos, it appears that they are 
paraphyletic. Whether there is host specificity at a higher 
taxonomic level, with the separation between lizards and geckos 
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being reflected in the phylogeny of the parasite, remains to be 
determined. 
The identification of this new species through the analysis of their 
host pellets is a non-invasive technique, which highlights its value not 
just for diet studies of the host, but also for helminth fauna studies. 
For this, it is recommended that pellets collected are placed in 96% 
ethanol to preserve the DNA of the helminth for genetic analyses. 
However, it should be highlighted that for morphological analysis 
this methodology may be problematic, yielding possible distortion of 
parasites from dehydration, depending on the freshness of the pellets. 
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A NEW ISOSPORA SPECIES OF PASSERINES IN THE FAMIL V TURDIDAE FROM 
COSTA RICA 
Shamus P. Keeler*, Michael J. Yabsleyt, Samantha E. J. Gibbst, Sabrina N. McGraw, and Sonia M. Hernandezt§ 
Southeastern Cooperative Wildlife Disease Study, Department of Population Health, College of Veterinary Medicine, University of Georgia, Athens, 
Georgia 30602. e-mail: skeeler@uga.edu 
ABSTRACT: Seven thrush species (Turdidae) from Costa Rica were examined for intestinal parasites; 21 of the 84 (25%) birds sampled 
were positive for a new species of Isospora, Oocysts of Isospora zorzali n. sp. have thin, smooth, double, and colorless walls; they 
measure 19.7 ± 1.5 fJ1I1 X 18.6 ± 1.4 fJ1I1 (16-24 fJ1I1 X 15-21 11m), with an average length-width ratio of 1.1 11m. Sporocysts are ovoid, 
measure 8,5 ± 1.1 fJ1I1 X 14.5 ± 1.7 fJ1I1 (7-11 fJ1I1 X 11-18 11m) with an average length-width ratio of 1.7 11m. A nipple-like stieda body 
continuous with the sporocyst wall is present, but no substieda body was observed, A sporocyst residuum consisting of large equal 
sized granules was observed either clumped together or diffusely, The sporocysts fill the entire oocysts with little to no open space 
observed, This is the first report of Isospora species from any of the sampled host species and also the first report from any species of 
thrush in Costa Rica, 
The Turdidae (Aves: Passeriformes) is a diverse group 
containing about 300 species distributed throughout the world 
(Stiles and Skutch, 1989), Although most of the diversity within 
the family exists in the Old World, at least 15 species from 4 
genera are found in Costa Rica (Stiles and Skutch, 1989), The 
clay-colored thrush (Turdus gray/) (also called the clay-colored 
robin) is found throughout Costa Rica and is the national bird, 
known locally as the yigiiirro, They are commonly found in 
suburban and cultivated areas, including lawns, gardens, and 
pastures, foraging on the ground for insects, other invertebrates, 
and fruit. The white-throated thrush (Turdus assimilis) is 
distributed throughout Costa Rica but is uncommon on the 
Caribbean slope, They are often found in moist to wet forests, 
foraging on branches and along the ground for insects and other 
invertebrates. The mountain thrush (Turdus plebejus) (also called 
the mountain robin) is common in Costa Rica at middle to upper 
elevations (>1,300 m). They inhabit epiphyte-laden mountain 
forests and adjacent clearings foraging in branches and along the 
ground for insects, other invertebrates, berries, and seeds. The 
orange-billed nightingale thrush (Catharus aurantiirostris) is 
common in thick-secondary forest, plantations, and gardens on 
the Pacific slope of Costa Rica at middle elevations (500-2,500 m) 
and in the higher hills of the Nicoya peninsula. They forage along 
the ground for insects and other invertebrates, and on branches 
for berries and seeds. The Swainson's thrush (Catharus ustulatus) 
is a North American migrant species found commonly through-
out Costa Rica from mid November to late September, They 
mainly inhabit humid forests, but during migration they are also 
found in a wider range of habitats, including urban areas. They 
forage in branches and along the ground for insects, other 
invertebrates, and fruit. The black-headed nightingale thrush 
(Catharus mexicanus) is common on the foothills of the Caribbean 
slope and portions of the Pacific slope of Costa Rica. They 
inhabit primary forest forage on or near the ground for insects, 
other invertebrates, and fruit. The wood thrush (Hylocichla 
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mustelina) is another North American migrant species commonly 
found on the Caribbean and Pacific slope of Costa Rica. They 
frequent forests undergrowth and plantations, foraging along the 
ground for fruit and invertebrates (Stiles and Skutch, 1989). 
Multiple Isospora species have been reported in members of 
the Turdidae, including Isospora erithaci in the European robin 
(Erithacus rubecula) (Anwar, 1972), Isospora lusciniae in the 
common nightingale (Luscinia megarhinchos) (Golemansky, 
1977), Isospora phaeornis in the Hawaiian thrush (Myadestes 
obscurus) (Levine et ai., 1980), Isospora turdi in the common 
blackbird (Turdus merula) and the common song thrush (Turdus 
phi/omelos) (Schwalbach, 1959), Isospora albicollis and Isospora 
tucuruiensis in the white-necked robin (Turdus albicollis) (Lainson 
and Shaw, 1989), and Isospora robini in the American robin 
(Turdus migratorius) and the common song thrush (T. phi/omelos) 
(McQuistion and Holmes, 1988). In this report, we describe a new 
species of Isospora from 4 species of thrushes from Costa Rica. 
MATERIALS AND METHODS 
From July 2005 to September 2007, birds were captured via mist-nets in 
the San Luis Valley, approximately 7 km southwest of the Monteverde 
region in northwestern Costa Rica (10°16'57. 117"N, 84°47'53. 747"W). 
This valley is on the Pacific, leeward, side of the volcanic Cordillera de 
Tilanl.n mountain range and lies at 1,100 m elevation. Birds were captured 
primarily from 2 habitats, i.e., shade-grown coffee plantations and 
secondary tropical, pre-montane forest fragments. Captured birds were 
held in individual paper bags for a maximum of 30 min, and if a fecal 
sample was expelled, the feces were placed in 2.5% potassium dichromate 
and kept at room temperature. Oocysts and sporocysts were measured 
using an ocular micrometer, and measurements are given in micrometers 
followed by standard deviation. A sample of each sample was archived in 
100% ethanol for potential future molecular studies. 
RESULTS 
Seven species of Turdidae were sampled, including the clay-
colored thrush (T. gray/), the white-throated thrush (T. assimilis), 
the mountain thrush (T. plebe jus), the orange-billed nightingale 
thrush (C aurantiirostris), the Swainson's thrush (C ustulatus), 
the black-headed nightingale thrush (C mexicanus), and the wood 
thrush (H. mustelina). Of 84 birds sampled, 21 (25%) were positive 
for Isospora species, of which 10 of 37 (27%) birds from forest 
fragments and 11 of 47 (23%) from shade coffee plantation were 
positive, respectively. Significantly more clay-colored thrushes 
from forest habitats, 4 of 6 (67%), were positive compared with 
only 3 of 18 (17%) birds from coffee plantations (Fisher's exact 
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test, P = 0.0381). Isospora sp.-positive white-throated thrushes 
were found in both of the sampled habitats with the same 
proportion (2 of 7 [29%] birds from each habitat). Isospora sp.-
positive orange-billed nightingale thrushes were found in both of 
the sampled habitats, with 3 (19%) of the 16 birds from the forest 
being positive and 5 (42%) of the 12 birds from the shade coffee 
plantation being positive. Two of the orange-billed nightingale 
thrushes sampled in shade coffee were recaptured during the study 
and found to be negative both times. Only I (20%) of the 5 
mountain thrushes from a shade coffee plantation was positive for 
Isospora sp. A single wood thrush was sampled from a shade 
coffee plantation and was negative for Isospora sp. and other 
parasites. None of the 10 Swainson's thrush was positive for 
Isospora sp., with 6 birds sampled from the forest and 4 birds 
sampled from shade coffee plantations. One (50%) of the 2 black-
headed nightingale thrushes was positive for coccidian, but none 
of the oocysts sporulated, so they were not identifiable to species. 
DESCRIPTION 
Isospora zorzali n. sp. 
(Figs. 1,2) 
Diagnosis: Sporulated oocysts characteristic of Isospora; each oocyst 
with 2 sporocysts containing 4 sporozoites. Oocysts (n = 60) round to 
slightly ovoid, 19.7 ± 1.5 x 18.6 ± 1.4 (16-24 x 15- 21), with average 
length-width ratio of 1.1. Oocyst wall double layered, smooth, colorless. 
Oocyst residuum and micropyle absent, but 1- 2 ovoid to cigar-shaped 
polar bodies (2-3) present. Sporocysts (n = 63) ovoid, 8.5 ± I.I x 14.5 ± 
1.7 (7-11 x 11-18), average length-width ratio 1.7. Nipple-like stieda 
body continuous with the sporocyst wall present, but no substieda body. 
Sporocyst residuum present, consisting of large, equal sized granules either 
clumped together or diffuse. Sporocysts fill entire oocysts, with little to no 
open space. Sporozoites smooth with single terminal nuclei . No refractile 
body present. 
FIGURE I. Composite line drawing of a sporulated oocyst of Isospora 
zorzali n. sp. from 4 thrush species within the Turdidae. 
FIGURE 2. Photomicrographs of sporulated oocysts of Isospora zorzali 
n. sp. (A) Photomicrograph highlighting the ovoid polar body (arrow) and 
nipple-like stieda body (arrowhead). (B) Photomicrograph highlighting 
the sporocyst residuum made up of large equal sized granules (arrow), 
which was observed either clumped together or diffuse. Scale bars = 5 iJ.m. 
Taxonomic summary 
Type host: Catharus aurantiirostris, orange-billed nightingale thrush 
(Hartlaub, 1850). 
Other hosts: Turdus grayi (Bonapart, 1838), clay-colored thrush; 
T assimilis (Cabanis, 1850), white-throated thrush; and T plebe jus 
(Caban is, 1861), mountain thrush. 
Type locality: San Luis, Costa Rica (9°51 'onN, 84°27'0'W). 
Location in host: Unknown. 
Sporulation: Exogenous; sporulates before 2 wk at 25 C. 
Type specimens: Photosyntype and a composite drawing of sporulated 
oocysts submitted to the U.S. National Parasite Collection (USNPC), 
Beltsville, Maryland, USNPC no. 104840. 
Etymology: zorzali, named after the Spanish word for thrush (zorsal). 
Remarks 
This is the first report of Isospora sp. from any of the 4 examined bird 
species and also the first report from any species of thrush from Costa 
Rica. To our knowledge, no species of Isospora has been described from 
thrushes in species of Catharus and only 4 Isospora species have been 
described from thrushes in species of Turdus, i.e., 1. robini from the 
American robin in North America, I turdi from the common blackbird 
(T. merula), the common song thrush (T. phi/omelos) from Europe, and 
I albicollis and I tucuruiensis from the white-throated thrush (T. albicollis) 
from Brazil (Misof, 2004; Lainson and Shaw, 1989). Isospora zorzali n. sp. 
can be distinguished from these 4 Isospora species using multiple 
morphologic characteristics. Isospora robini oocysts are brownish in color 
and ovoid to ellipsoid (20 X 23), while oocysts of I zorzali are smaller, 
colorless, and nearly round (McQuistion and Holmes, 1988). Isospora 
turdi has a subspherical oocyst, similar to 1. zorzali, but is slightly smaller, 
with an average length and width of 17.2 X 18.8 and a range of 16.5-21.4 
X 15-19.4 (Schwalbach, 1959). Additionally, I turdi has a noticeable 
substieda body and I robini has a small, prominent substieda body, while 
sporocysts of I zorzali lack a substieda body. Oocysts of I albicollis are 
egg-shaped, with a single layered wall averaging 20.03 ± 1.09 X 24.53 ± 
1.07 and have a conspicuous micropyle, while those of I zorzali are nearly 
round, smaller in size with a double layered wall and have no micropyle 
(Lainson and Shaw, 1989; Misof, 2004). Oocysts of I tucuruiensis are 
smaller (17.28 ± 0.94 X 17.06 ± 0.93), have a single layered oocyst wall, 
curved sporozoites and an oocyst residuum made up of small granules 
(Lain son and Shaw, 1989; Misof, 2004). 
None of the other Isospora species described from other genera within 
the Turdidae is morphologically similar to I zorzali. The oocysts of 
1. erithaci are ovoid (12.5 X 26.2) compared with the nearly round oocysts 
of I zorzali (Anwar, 1972). The stieda body of the 1. erithaci sporocyst is 
large and cap-like, and the sporocyst residuum is a single compact mass 
compared with the nipple-like stieda body and granular sporocyst 
residuum of I zorzali (Anwar, 1972). Isospora lusciniae is described as 
having 4-5 polar bodies and a dispersed sporocyst residuum made of small 
gran,ules compared with the 1-2 polar bodies and dispersed to compact 
sporocyst residuum made of large granules in I zorzali (Goleman sky, 
1977). Isospora phaeornis has an ellipsoid oocyst (19 X 27), a round 
substieda body, and a membrane bound sporocyst residuum compared 
with the nearly round oocyst, absent substieda body and dispersed to 
compact large granule sporocyst residuum of I zorzali (Levine et aI., 
1980). Additionally, I erithaci and 1. lusciniae have only been reported 
from European thrushes and blackbirds, and I. phaeornis has only been 
reported from the endemic Hawaiian thrush or Oma'o (Anwar, 1972; 
Golemansky, 1977; Levine et aI., 1980). 
DISCUSSION 
In the current study, relatively high prevalence rates (29-50%) 
of I. zorzali were detected in the 4 species of thrushes from San 
Luis, Costa Rica. In previous studies of Lwspora in Turdus spp., 
similar prevalences have been reported. For example, in Helgo-
land, Germany, 28% and 85% of the song thrushes (T. philornelos) 
tested in autumn and spring, respectively, were infected with 
Isospora spp. (Zinke et aI., 2004). Although the species of Isospora 
infecting the song thrush in the Zinke et al. (2004) study were not 
identified, both L turdi and L robini have been previously reported 
from song thrush (Zinke et aI., 2004). Similarly, in the United 
States, 4 of 12 (33%) American robins sampled in Illinois were 
positive for I. robini, and 25 of 105 (24%) juvenile American 
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robins sampled in Delaware were positive for Isospora sp. (Welte 
and Kirkpatrick, 1986; McQuistion and Holmes, 1988). In 
contrast, a lower prevalence (1 of 11 (9%)) for I phaeornis was 
reported for Hawaiian thrushes sampled in the Hawaiian Islands 
(Levine et aI., 1980). 
The diet or behavior of birds can alter their contact with 
oocysts and ultimately the likelihood of infection. The diet of all 
the species sampled for this study consisted of invertebrates and 
fruit collected on, or near, the ground or on branches and fallen 
woody debris (Stiles and Skutch, 1989). The prevalences in the 
current study were similar to those determined by McQuistion 
(2000), who surveyed 655 passerine birds representing 190 species 
from 4 countries in South America. In that study, the prevalence 
of coccidia in birds that feed on ground insects was 23%, and 
those that feed on bark or leaf insects was 29% (McQuistion, 
2000). Unfortunately, the identities of positive birds were not 
provided. 
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MARMOSA PARAGUA YANA (MARSUPIALlA: DIDELPHIDAE) AS A NEW HOST 
FOR GRACILIOXYURIS AGILISIS (NEMATODA: OXYURIDAE) IN BRAZIL 
Michelle V. S. Santos-Rondon', Mathias M. Pi rest, Sergio F. dos Reis, and Marlene T. Ueta 
Departamento de Biologia Animal, Instituto de Biologia, Universidade Estadual de Campinas, Caixa Postal 6109, 13083-970, Campinas, 
Sao Paulo, Brazil. e-mail: mtu@unicamp.br 
ABSTRACT: Didelphids (Didelphimorphia: Didelphidae) are a large and well-studied group of Neotropical marsupials. Although 
knowledge of the parasitic fauna of didelphids is still scarce, recent work has suggested that Neotropical marsupials are often hosts of 
pinworms. Here, we isolated oxyurid nematodes from fecal samples of Marmosa paraguayana (Marsupialia: Didelphidae) and provide 
a general description and measurements for male and female specimens. We concluded these specimens can be assigned to 
Gracilioxyuris agilisis (Ascaridida: Oxyuridae), an oxyurid recently described as a parasite of the didelphid Gracilinanus agilis 
(Didelphimorphia: Didelphidae). The finding of G. agilisis in a different, albeit closely related, host species strengthens the previous 
notion of a close association between pinworms and didelphids and contributes to the knowledge of the helminthic fauna of didelphid 
marsupials. 
Oidelphids (Oidelphimorphia: Oidelphidae) form a large group 
of small- to medium-sized marsupial mammals occurring in the 
Neotropics; in this group, there are more than 90 species that inhabit 
various habitats from the ground floor to the vegetation canopy 
(Gardner, 2008). Recently, there has been an increased effort to 
elucidate various aspects of their ecology (e.g., Pires and Fernandez, 
1999; Martins et aI., 2006; Leiner and Silva, 2007), taxonomy (e.g., 
Voss and Jansa, 2003, 2009), and behavior (Moraes Jr. and 
Chiarello, 2005; Oelciellos and Vieira, 2009). However, although 
Neotropical marsupials are widespread and form a relatively well-
known group, knowledge of their parasitic fauna is still scarce. 
For example, studies on the habits of Tate's woolly mouse 
opossum, Marmosa paraguayana (Micoureus paraguayanus until 
recently; see Voss and Jansa, 2009), a medium-sized (58-132-g) 
didelphid that inhabits eastern Paraguay, northeastern Argentina, 
and southeastern and southern Brazil (Gardner and Creighton, 
2008), have brought valuable information on its feeding ecology 
(Leite et aI., 1996; Pinheiro et aI., 2002), reproductive biology 
(Quental et aI., 2001; Barros et aI., 2008), and use of space (Pires 
and Fernandez, 1999). Nonetheless, to date, only a few recent 
studies have documented parasites in this genus. The protozoans 
Eimeria micouri and Leishmania (Viannia) braziliensis, for 
example, were observed in M constantinae and M. demerarae in 
Bolivia and Colombia, respectively (Alexander et aI., 1998; 
Heckscher et aI., 1999). For M. paraguayana, there are records 
of both Leishmania (Leishmania) amazonensis and Leishmania 
(Viannia) braziliensis isolated from specimens from Brazil 
(Quintal et aI., 2010). With respect to the helminth fauna, 
knowledge is even poorer. Thus, there is only 1 record of the 
cestode Mathevotaenia bivittata (Anoplocephalidae) found in 
M paraguayana in Argentina (Campbell et aI., 2003). 
The description of parasites occurring in a given species is an 
essential step toward a more detailed description of the ecology of 
both host and parasites. Moreover, such information is valuable 
for future work aiming to establish phylogenetic relationships 
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within both groups and to reconstruct the evolutionary history they 
share (Page, 1993; Hugot, 2003). Here, we report the finding of the 
oxyurid nematode Gracilioxyuris agilisis, previously described as a 
parasite of the didelphid Gracilinanus agilis (Feij6 et aI., 2008), in a 
different didelphid species, Marmosa paraguayana. 
MATERIALS AND METHODS 
Twenty M paraguayana were trapped from September 2005 to August 
2006 at the Reserva Biologica de Mogi Guacu (22°15'/22°18'S, 4r08'/ 
47°13'W), a Cerrado (Neotropical savannah) remnant in Mogi Guacu, 
Sao Paulo, Brazil. Individuals were captured in an II X II trapping grid, 
with 121 trapping stations located 15 m from each other. A Sherman live 
trap (7.5 X 9.0 X 23.5 cm) was installed in trees at each trapping station 
about 1.75 m above ground and baited with banana and peanut butter. 
Feces on the trap floor, and those defecated by individuals during 
manipulation, were collected and preserved in 70% ethanol. All hosts were 
released after data collection. Feces were transported to the laboratory 
and analyzed using a stereomicroscope to determine diet composition. 
Consequently, nematodes were found and isolated. Nematodes .were 
cleared in lactophenol and observed by ordinary light microscopy. Several 
individuals were air-dried, mounted on metal stubs, coated with gold 
(Sputter Coater Balzers SCD050), and examined using a JSM 5800L V 
scanning electron microscope (JEOL, Tokyo, Japan). Nematodes were 
then identified by morphological comparison with published descriptions 
of those found in other didelphid species (Navone et aI., 1990; Gardner 
and Hugot, 1995; Guerrero and Hugot, 2003; Feijo et aI., 2008). 
RESULTS 
Nematodes were found in the feces of 14 of the 20 trapped 
individuals (prevalence of 70%). Morphological characteristics 
unambiguously indicate these specimens can be assigned to a 
single species of oxyurid. Below, we provide general morpholog-
ical descriptions of the specimens found and describe sex-specific 
morphological features and body measurements (Jlffi.). 
AMENDED DESCRIPTION 
Gracilioxyuris agilisis 
(Figs. 1, 2) 
Diagnosis: Individuals with transverse grooves on cuticle 
(Fig. IA); oral opening surrounded by 3 lips, 4 labial papillae, 
and 2 amphids (Fig. IB, C). Lateral alae begin at cephalic region 
and continue as longitudinal crests (Fig. 10). Males with area 
rugosa at midbody (Fig. 2A) and 4 pairs of genital papillae; first 
and second pairs adanai. Third pair postcloacal and last pair 
caudal (Fig. IE). Phasmids also present at dorsum (Fig. IF), with 
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FIGURE 1. Scanning electron microscope images of oxyurid specimens collected from the feces of Marmosa paraguayana. (A) Cuticle. (B, C) oral 
opening surrounded by 3 lips, 4 labial papillae (white arrows) and 2 amphids (black arrows). (D) Lateral alae. (E) Genital papillae; the first and second 
pairs are adanal, the third pair is postcloacal, and the last pair are at the caudal end. (F) Phasmids (black arrow) present at the dorsum. Bars = 10 !!m. 
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FIGURE 2. Optical microscope images of oxyurid specimens collected from the feces of Marmosa paraguayana. (A) Area rugosa (black arrow) at 
midbody in a male specimen. (B) Male posterior end showing the gubernaculum (length delimited by tips of black arrows) and reproductive spicule. 
(C) Female anterior end showing the vulva with cement. (D) Operculated egg. Bars = 100 ~m (A), 50 ~m (B, C); and 20 ~m (D). 
straight copulatory spicule (Figs. IF and 2B), accompanied by 
rounded gubernaculum (Fig. 2B) located ventrally at caudal end. 
Male body measurements (mean ± SD and range within 
parentheses) based on 4 specimens as follows: total length = 
I, I 94.0 ± 280.6 (951.0- 1,585.0), width at level of mid-body = 
138.0 ± 8.4 (131.0- 150.0), esophagus length = 213.0 ± 10.1 
(204.0- 225.0), bulb length = 60.0 ± 3.9 (57.0-65.0), and bUlb 
width = 56.0 ± 2.6 (54.0-59.0). Measurements from anterior end 
to various features as follows: to nerve ring = 74.0 ± 5.9 (70.0-
81.0); to excretory pore = 278.0 ± 37.8 (235.0-306.0); and to area 
rugosa = 487.0 ± 212.7 (308.0-796.0). Spicule length = 91.0 ± 
5.2 (86.0- 97.0), and gubernaculum = 36.0 ± 5.1 (30.0-41.0). 
Females with thick muscular vulva (Fig. 2C), frequently found 
closed by cement; genital tract didelphic. Vulva and excretory 
pore located in first third of body. Female body measurements 
based on 14 specimens as follows: total length = 2,406.0 ± 336.5 
(1,912.0- 3,173.0), width at level of midbody = 237.0 ± 91.4 
(112.0-403.0), esophagus length = 280.0 ± 19.5 (249.0- 3 I 2.0), 
bulb length = 80.0 ± 7.1 (68.0-87.0), bulb width = 83.0 ± 8.5 
(68.0-97.0). Measurements from anterior end to various features 
as follows: to nerve ring = 92.0 ± 5.6 (81.0-101.0); to excretory 
pore = 236.0 ± 75.9 (\ 56.0- 306.0); to vulva = 390.0 ± 90.1 
(254.0-533.0); and to tail = 479.0 ± 58.7 (405.0-556.0). Eggs 
(Fig. 2D) oval and operculated, 92.31 ± 1.90 (88.55- 93.93; n = II) 
long X 38.76 ± 1.50 (35.38-40.35) wide. 
Taxonomic summary 
Type host: Marmosa paraguayana (Tate, 1931) (Didelphimor-
phia: Didelphidae). 
Type locality: Reserva Biol6gica de Mogi Guayu (22°18'S, 
4r II 'W), Mogi Guayu, Brazil. 
Type material: Museu de Zoologia do IB/UNICAMP (ZUEC), 
Campinas, Brazil (ZUEC NMA 01; ZUEC NMA 02) 
Site of infection: Unknown. 
Prevalence: Fourteen of 20 examined. 
Remarks 
Specimens of the pinworm found in M. paraguayana described 
here differ in morphology and morphometry from other oxyurids 
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found in Neotropical marsupials such as Neohilgertia venusti in 
Thylamys venustus cinderellus (Navone et aI., 1990), Didelphox-
yuris thylamisis in Thylamys elegans (Gardner and Hugot, 1995), 
and Monodelphoxyuris dollmeiri in Monodelphis emiliae (Guerrero 
and Hugot, 2003). However, the general morphology of males, 
females, and eggs, as well as body measurements of the specimens 
reported here, are very similar to those of Gracilioxyuris agilisis, 
a new genus and species recently collected from the cecum of 
Gracilinanus agilis (Feij6 et aI., 2008). Nonetheless, there are 
minor differences between the specimens described here and 
previously described specimens of G. agilisis; female bulbs in the 
specimens measured here are proportionally larger than those 
previously recorded for G. agilisis, and the males' gubernaculum 
is short and rounded, whereas male G. agilisis gubernaculum was 
before observed to be longer and stretched (Feij6 et aI., 2008). 
Despite such differences, we opted for a conservative approach 
and classified the specimens found as members of G. agilisis. 
Further studies using molecular techniques are needed to assess 
whether such observed differences are the result of intraspecific 
variation. 
Marmosa paraguayana co-occurs at the study site with 
Gracilinanus micro tarsus (Fernandes et aI., 20lO), but we do not 
know at this point whether the latter also hosts G. agilisis. Such 
information might clarify the ecology and evolution of this 
nematode. The finding of a common parasitic species for 
Marmosa and Gracilinanus, coupled with other records of 
pinworms as didelphid parasites (Navone et aI., 1990; Gardner 
and Hugot, 1995; Guerrero and Hugot, 2003), suggests that 
pinworms and didelphids share a close evolutionary history that is 
yet to be better explored. Furthermore, this finding expands the 
range of the pinworm-dide1phid association to southeastern 
Brazil; formerly, the range was restricted to the southeastern 
slopes of the Andes (Guerrero and Hugot, 2003) and to central 
Brazil (Feij6 et aI., 2008). 
DISCUSSION 
Although helminthological records on Neotropical marsupials 
are scarce (Jimenez et aI., 2008), the present study reveals valuable 
information regarding the parasitic fauna of such secretive 
animals. If, and how, pinworms affect dide1phids' individual 
fitness are unanswered questions. Additional studies describing 
the parasites of other species, details on the consequences of 
parasitism on the host, and phylogenetic relationships among the 
pinworms of didelphids will illuminate the diversity of Neotrop-
ical marsupial endoparasites and the ecological and evolutionary 
implications of these interactions. 
ACKNOWLEDGMENTS 
We are very grateful to J. G. Neto and M. M. Pinto (both of the Mogi 
Guacu Biological Reserve) for logistical support and Dr. D. C. G. M. S. 
Freire for helping with identifications of helminths. We thank the 
anonymous reviewers for comments on the manuscript. M.M.P. was 
supported by an FAPESP scholarship. M.V.S.S.-R. was supported by 
a CAPES scholarship. S.F.d.R. was partially supported by a research 
fellowship from CNPq. Research supported by grants from FAPESP. 
LITERATURE CITED 
ALEXANDER, B., C. LOZANO, D. C. BARKER, S. H. E. MCCANN, AND G. H. 
ADLER. 1998. Detection of Leishmania (Viannia) braziliensis complex 
in wild mammals from Colombian coffee plantations by PCR and 
DNA hybridization. Acta Tropica 69: 41-50. 
BARROS, C. S., R. CROUZEILLES, AND F. A S. FERNANDEZ. 2008. 
Reproduction of the opossums Micoureus paraguayanus and Philan-
der frenata in a fragmented Atlantic Forest landscape in Brazil: Is 
seasonal reproduction a general rule for Neotropical marsupials? 
Mammalian Biology 73: 463--467. 
CAMPBELL, M. L., S. L. GARDNER, AND G. T. NAVONE. 2003. A new species 
of Mathevotaenia (Cestoda: Anoplocephalidae) and other tapeworms 
from marsupials in Argentina. Journal of Parasitology 89: 1181-1185. 
DELCIELLOS, A. N., AND M. V. VIEIRA. 2009. Allometric, phylogenetic and 
adaptative components of climbing performance in seven species of 
didelphid marsupials. Journal of Mammalogy 90: 104-113. 
FEJJO, 1. A, E. J. L. TORRES, A MALDONADO, JR., AND R. M. LANFREDJ. 
2008. A new oxyurid genus and species from Gracilinanus agilis 
(Marsupialia: Dide1phidae) in Brazil. Journal of Parasitology 94: 
847-851. 
FERNANDES, F. R., L. D. CRUZ, E. G. MARTINS, AND S. F. DOS REIs. 2010. 
Growth and home range size of the gracile mouse opossum 
Gracilinanus micro tarsus (Marsupialia: Didelphidae) in Brazilian 
Cerrado. Journal of Tropical Ecology 26: 185-192. 
GARDNER, A L. 2008. Mammals of South America. Vol. I. Marsupials, 
xenarthrans, shrews, and bats. University of Chicago Press, Chicago, 
Illinois, 690 p. 
---, AND G. K. CREIGHTON. 2008. Genus Micoureus. In Mammals of 
South America: Volume I. Marsupials, xenarthrans, shrews, and bats, 
A. L. Gardner (ed.). University of Chicago Press, Chicago, Illinois, 
p.43-50. 
---, AND J. P. HUGOT. 1995. A new pinworm, Didelphoxyuris thylamisis 
n. gen. n. sp. (Nematoda: Oxyurida) from Thylamys elegans (Water-
house, 1839) (Marsupialia: Dide1phidae) in Bolivia. Research and 
Reviews in Parasitology 55: 139-147. 
GUERRERO, R., AND J. P. HUGOT. 2003. Monodelphoxyuris dollmeiri n. g., 
n. sp. (Nematoda: Oxyurida) from Monodelphis emiliae in Peru. 
Systematic Parasitology 55: 73-79. 
HECKSCHER, S. K., B. A. WICKESBERG, D. W. DUSZYNSKI, AND S. L. 
GARDNER. 1999. Three new species of Eimeria from Boliviam 
marsupials. International Journal for Parasitology 29: 275-284. 
HUGOT, J. P. 2003. New evidence for hystricognath rodent monophily 
from the phylogeny of their pinworms. In Tangled trees: Phylogeny, 
co speciation and coevolution, R. D. M. Page (ed.). University of 
Chicago Press, Chicago, Illinois, p. 144-173. 
JIMENEZ, F. A., J. K. BRAUN, M. L. CAMPBELL, AND S. L. GARDNER. 2008. 
Endoparasites offat-tailed mouse opossums (Thylamys: Didelphidae) 
from northwestern Argentina and southern Bolivia, with the 
description of a new species of tapeworm. Journal of Parasitology 
94: 1098-1102. 
LEINER, N. 0., AND W. R. SILVA. 2007. Seasonal variation in the diet of 
the Brazilian slender opossum (Marmosops paulensis) in a montane 
Atlantic Forest area, southeastern Brazil. Journal of Mammalogy 88: 
158-164. 
LEITE, Y. R. L., L. P. COSTA, AND J. R. STALLINGS. 1996. Diet and vertical 
space use of three sympatric opossums in a Brazilian Atlantic Forest 
Reserve. Journal of Tropical Ecology 12: 435--440. 
MARTINS, E. G., V. BONATO, H. P. PINHEIRO, AND S. F. DOS REIS. 2006. 
Diet of the gracile mouse opossum (Gracilinanus micro tarsus) 
(Dide1phimorphia: Didelphidae) in a Brazilian Cerrado: Patterns of 
food consumption and intrapopulation variation. Journal of Zoology 
269: 21-28. 
MORAES JR., E. A., AND A G. CHIARELLO. 2005. Sleeping sites of woolly 
mouse opossum Micoureus demerarae (Thomas) (Didelphimorphia, 
Dide1phidae) in the Atlantic Forest of southeastern Brazil. Revista 
Brasileira de Zoologia 22: 839-843. 
NAVONE, G. T., D. M. SURIANO, AND C. A. PUJOL. 1990. Neohilgertia 
venusti gen. n. sp. s. (Nematoda: Oxyuridae) from Thylamys venustus 
cinderellus (Thomas) Reig, Krisch & Marshall, 1985 (Marsupialia: 
Didelphidae) in Burruyacu, Tucuman, Argentina-systematic position 
and possible evolution. Mem6rias do Instituto Oswaldo Cruz 85: 
185-189. 
PAGE, R. D. M. 1993. Parasites, phylogeny and co speciation. International 
Journal for Parasitology 23: 499-506. 
PINHEIRO, P. S., F. M. V. CARVALHO, F. A S. FERNANDEZ, AND J. L. 
NESSIMIAN. 2002. Diet of the marsupial Micoureus demerarae in small 
174 THE JOURNAL OF PARASITOLOGY, VOL. 98, NO.1, FEBRUARY 2012 
fragments of Atlantic Forest in southeastern Brazil. Studies on 
Neotropical Fauna and Environment 37: 213-218. 
PIRES, A. S., AND F. A. S. FERNANDEZ. 1999. Use of space by the marsupial 
Micoureus demerarae in small Atlantic Forest fragments in south-
eastern Brazil. Journal of Tropical Ecology 15: 279-290. 
QUENTAL, T. B., F. A. S. FERNANDEZ, A. T. C. DIAS, AND F. S. ROCHA. 
2001. Population dynamics of the marsupial Micoureus demerarae in 
small fragments of Atlantic Coastal Forest in Brazil. Journal of 
Animal Ecology 17: 339-352. 
QUINTAL, A. P., E. D. RIBEIRO, F. P. RODRIGUES, F. S. ROCHA, L. M. 
FLOETER-WINTER, AND C. M. NUNES. 2010. Leishmania spp. in 
Didelphis albiventris and Micoureus paraguayanus (Didelphimorphia: 
Didelphidae) of Brazil. Veterinary Parasitology 176: 112-119. 
Voss, R. S., AND S. A. JANSA. 2003. Phylogenetic studies on didelphid 
marsupials. II. Nonmolecular data and new IRBP sequences: separate 
and combined analyses of Dide1phine relationships with denser taxon 
sampling. Bulletin of the American Museum of Natural History 276: 
1-82. 
---, AND ---.2009. Phylogenetic relationships and classification of 
dide1phid marsupials, an extant radiation of New World metatherian 
mammals. Bulletin of the American Museum of Natural History 322: 
1-177. 
J. Parasi/oi., 98(1), 2012, pp. 175-198 
© American Society of Parasitologists 2012 
THREE NEW GENERA AND SIX NEW SPECIES OF LECANICEPHALIDEANS (CESTODA) 
FROM EAGLE RAYS OF THE GENUS AETOMYLAEUS (MYLIOBATIFORMES: 
MYLIOBATIDAE) FROM NORTHERN AUSTRALIA AND BORNEO 
K. R. Koch, K. Jensen*, and J. N. Cairat 
Department of Ecology and Evolutionary Biology and the Biodiversity Institute, University of Kansas, 1200 Sunnyside Ave., Lawrence, Kansas 
66045. e-mail: jensen@ku.edu 
ABSTRACT: New lecanicephalidean cestodes inhabiting the spiral intestine were investigated in 4 of the 6 known species of eagle rays 
of the genus Aetomylaeus Garman. Hosts examined consisted of 5 specimens of Aetomylaeus vespertilio from northern Australia, 5 of 
Aetomylaeus maculatus from Borneo, 10 of Aetomylaeus nichofii sensu stricto from Borneo, and 7 of Aetomylaeus cf. nichofii 2 from 
northern Australia. As a result of these new collections, 3 new genera and 6 new species of lecanicephalideans are formally described. 
Aetomylaeus vespertilio hosted the new genera and species Collicocephalus baggioi n. gen., n. sp. and Rexapex nanus n. gen., n. sp., as 
well as Aberrapex weipaensis n. sp. Aetomylaeus maculatus and A. nichofii sensu stricto hosted 3 new species of the novel genus 
Elicilacunosus, with the former eagle ray hosting Elicilacunosus sarawakensis n. sp. and the latter hosting both Elicilacunosus dharmadii 
n. sp. and Elicilacunosus fahmii n. sp. No new lecanicephalideans were described from A. cf. nichofii 2. Collicocephalus n. gen. is 
conspicuously unique among the genera of its order in possessing a large, retractable apical organ that, in cross-section, is transversely 
oblong, rather than round. Rexapex n. gen. is distinctive in its possession of an apical organ that bears 18 papilliform projections 
around its perimeter, and Elicilacunosus n. gen. is unlike any other known lecanicephalidean, or eucestode, in its possession of a region 
of musculo-glandular tissue along the midline of the dorsal and ventral surfaces of its proglottids, manifested externally as a tandem 
series of depressions. Among other features, A. weipaensis n. sp. differs from its congeners in its lack of post-ovarian vitelline follicles. 
All 6 new species were each restricted to a single species of Aetomylaeus. These records formally establish species of Aetomylaeus as 
hosts of lecanicephalideans. A summary of cestodes of myliobatid rays is presented. 
The eagle rays, Myliobatidae Bonaparte, currently include a total 
of 25 species in the genera Aetobatus Blainville, Aetomylaeus 
Gannan, Myliobatis Cuvier, and Pteromylaeus Gannan (see 
Compagno, 2005; White et aI., 2010; Naylor et aI., 2012). Cestode 
data available to date for this family come primarily from species of 
Aetobatus and Myliobatis (see Table I; White et aI., 2010) and 
include representatives of 5 cestode orders, with some emphasis on 
the Lecanicephalidea. Although no cestode data are available for 
either species of Pteromylaeus, cestode records exist for several 
species of Aetomylaeus (see Table I). However, these were generated 
prior to the realization that Aetomylaeus nichofii (Schneider) likely 
represents a complex of species (Last et aI., 2010; Naylor et aI., 
2012). No cestodes have been reported from Aetomylaeus vespertilio 
(Bleeker), Aetomylaeus cf. nichofii 1 (sensu Naylor et al., 2012), or 
the poorly known Aetomylaeus milvus (Valenciennes in MUller and 
Henle), and many of the records from Aetomylaeus maculatus 
(Gray), Aetomylaeus nichofii, and Aetomylaeus cf. nichofii 2 (sensu 
Naylor et aI., 2012) require confirmation. The present study aimed 
to expand knowledge of the cestode fauna of Aetomylaeus species, 
with particular emphasis on the lecanicephalideans. 
In the most recent revision of the Lecanicephalidea, Jensen 
(2005) considered this order to consist of 72 species in 12 valid 
genera and noted that lecanicephalidean diversity was concen-
trated in rays of the Indo-Pacific region. Since then, 17 additional 
species of lecanicephalideans have been described (Wankhede, 
2003; Pramanik and Manna, 2005; Jensen, 2006; Pramanik and 
Manna, 2006; Vankara et aI., 2006; Pramanik and Manna, 2007; 
Vankara et aI., 2007; Cielocha and Jensen, 2011; Jensen et aI., 
2011), all from Indo-Pacific rays. Moreover, 2 additional genera 
are now recognized in the order (Cie1ocha and Jensen, 2011; 
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Jensen et aI., 2011). The discovery of novellecanicephalideans in 
the hosts examined here was thus anticipated given the strictly 
Indo-Pacific distribution of Aetomylaeus species. 
Extensive fieldwork conducted over the last 10 yr in northern 
Australia and throughout Malaysian and Indonesian Borneo 
resulted in the collection of cestodes from 4 of the 6 species of 
Aetomylaeus. These collections led to the discovery of multiple 
new cestode taxa, several of which are described below. Particular 
emphasis was placed on the erection of the new lecanicephalidean 
genera encountered in these hosts. 
MATERIALS AND METHODS 
To help with the validation of host identifications, all host individuals 
examined in this study were documented as follows. Each was assigned a 
unique host number and, for each animal, basic measurements and a series 
of photographs were taken. In addition, a small sample of liver tissue was 
removed and preserved in 95% ethanol for molecular analysis. These data 
and images are accessible using the collection code and collection number 
for each host specimen (e.g., AU-43, CM03-61, etc.) at http://tapewormdb. 
uconn.edulhosts.php. The unique host specimen number (collection code 
and collection number) is given below for each host individual following 
disc width. 
The 5 specimens of A. vespertilio examined were collected either using gill 
nets or by a commercial trawling vessel. They consisted of 1 immature 
female (disk width [DW] 95 em; CM03-61) collected off Weipa (12°40'S, 
141°52'E), Queensland, Gulf of Carpentaria, in May 2004; 2 females (DW 
148 and 150 em; AU-42 and AU-43, respectively) collected near Buffalo 
Creek (12°20'S, 1300 54'E), Darwin, Northern Territory, Timor Sea, in 
August 1997; 1 female (DW 86 cm; NT-56) collected in the Arafura Sea east 
of the Wessel Islands (11°17'S, 136°59'E) off the Northern Territory, in 
November 1999; and 1 specimen (sex and DW unknown; CMJ-7) collected 
off Cairns (16°52'S, 145°16'E), Queensland, Pacific Ocean, in July 2002. 
The 5 specimens of A. maculatus examined were collected using trawling 
gear. The specimens from Malaysian Borneo consisted of 1 immature 
female (DW 43 em; BO-22) collected off Sematan (01°48'N, 109°46'E), 
Sarawak, South China Sea, in June 2002 and 1 immature male (DW 29 cm; 
BO-178) and 1 female (DW 36 cm; BO-179) collected off Sematan 
(01°48'N, 109°46'E), Sarawak, South China Sea, in May 2003. Specimens 
from Indonesian Borneo consisted of 1 immature male (DW 38 cm; 
KA-53) collected off Kota Baru (03°14'S, 116°13'E), South Kalimantan, 
Makassar Strait, in November 2006 and 1 female (DW 35 cm; KA-104) 
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TABLE 1. Cestode species reported from rays in the family Myliobatidae sensu Compagno (2005), White et al. (2010), and Naylor et al. (2012). Taxa 
described as part of this study are given in bold. 
Host 
Cestode Order: Species; Locality 
Aetohatus flagellum (Bloch and Schneider, 1801) 
Lecanicephalidea: Polypocephalus bombayensis Shinde, Dhule, and Jadhav, 1991; India 
Aetohatus guttatus (Shaw, 1804) (no records) 
Aetohatus /aticeps Gill, 1865* 
Tetraphyllidea: Acantlwbothrium nwnksi Marques, Brooks, and Barriga, 1997; Ecuador 
Tetraphyllidea: Acanthobothrium nicoyaense Brooks and McCorquodale, 1995; Costa Rica 
Aetohatus ocellatus (Kuhl, 1823)* 
Diphyllidea: Echinobothrium boisii Southwell, 1911; Sri Lanka 
Lecanicephalidea: Adelobothrium aetiobatidis Shipley, 1900; New Caledonia 
Lecanicephalidea: Calycobothrium typicum (Southwell, 1911) Stiles and Hassell, 1912; Sri Lanka 
Lecanicephalidea: Cephalobothrium aetobatidis Shipley and Hornell, 1906; Sri Lanka 
Lecanicephalidea: Hornellobothrium cobraformis Shipley and Hornell, 1906; Sri Lanka 
Lecanicephalidea: Hornellobothrium extensivum Jensen, 2005; Australia 
Lecanicephalidea: Hornellobothrium sp. A; Australia 
Lecanicephalidea: Hornellobothrium sp. B; Australia 
Lecanicephalidea: Kystocephalus translucens Shipley and Hornell, 1906; Sri Lanka 
Lecanicephalidea: Staurobothrium aetobatidis Shipley and Hornell, 1905; Sri Lanka 
Lecanicephalidea: Tenia narinari MacCallum, 1917; Indonesia 
Lecanicephalidea: Tylocephalum aetiobatidis (Shipley and Hornell, 1905) Shipley 
and Hornell, 1906; Sri Lanka 
Lecanicephalidea: Tylocephalum aurangabadensis Jadhav and Shinde, 1987; India 
Lecanicephalidea: Tylocephalum girindrai Pramanik and Manna, 2007; India 
Lecanicephalidea: Tylocephalum yorkei Southwell, 1925; India 
Tetraphyllidea: Acanthobothrium aetiobatis (Shipley, 1900) Southwell, 1925; New Caledonia 
Tetraphyllidea: Acanthobothrium arlenae Campbell and Beveridge, 2002; Australia 
Tetraphyllidea: Acanthobothrium dysbiotos (MacCallum, 1921) Williams, 1969; Java 
Tetraphyllidea: Myzocephalus narinari Shipley and Hornell, 1906; Sri Lanka 
Tetraphyllidea: Myzophyllobothrium rubrum Shipley and Hornell, 1906; Sri Lanka, India 
Trypanorhyncha: Didymorhynchus southwelli Beveridge and Campbell, 1988; Sri Lanka 
Trypanorhyncha: Dollfusiella aetobati (Beveridge, 1990) Beveridge, Neifar, and 
Euzet, 2004; Australia 
Trypanorhyncha: Kotorella pronosoma (Stossich, 1900) Euzet and Radujkovic, 
1989; Indonesia 
Trypanorhyncha: Oncomegas aetobatidis Campbell and Beveridge, 2009; Australia 
Trypanorhyncha: Oncomegas australiensis Toth, Campbell and 
Schmidt, 1992; Australia 
Trypanorhyncha: Parachristianella baverstocki Beveridge, 1990; India 
Trypanorhyncha: Proemotobothrium linstowi (Southwell, 1912) Beveridge and 
Campbell, 2001; Singapore 
Trypanorhyncha: Shirleyrhynchus aetobatidis (Shipley and Hornell, 1906) 
Beveridge and Campbell, 1988; Sri Lanka 
Trypanorhyncha: Trygonicola macroporus (Shipley and Hornell, 1906) 
Beveridge and Campbell, 1998; Malaysia 
Aetohatus narinari (Euphrasen, 1790) 
Lecanicephalidea: Tylocephalum? sp. (as Disculiceps sp.); Venezuela 
Lecanicephalidea: Tylocephalum marsupium Linton, 1916; Dry Tortugas 
Tetraphyllidea: Acanthobothrium colombianum Brooks and Mayes, 1980; Colombia 
Tetraphyllidea: Acanthobothrium tortum (Linton, 1916) Baer and Euzet, 1962; 
Dry Tortugas, Venezuela 
Aetomylaeus macu/atus (Gray, 1832) 
Diphyllidea: Diagonobothrium assymetrum Shipley and Hornell, 1906; Sri Lanka 
Lecanicephalidea: Elici/acunosus sarawakensis n. gen., n. sp.; Malaysia 
Lecanicephalidea: Tylocephalum dierama Shipley and Hornell, 1906 
species inquirendum; Sri Lanka 
Lecanicephalidea: Discobothrium redacta nomen nudum; India 
Lecanicephalidea: Discobothrium quadrisurculi nomen nudum; India 
Source 
Shinde et al. (1991) 
Marques et al. (1997) 
Brooks and McCorquodale (1995) 
Southwell (1911) 
Shipley (1900) 
Southwell (1911) 
Shipley and Hornell (1906) 
Shipley and Hornell (1906) 
Jensen (2005) 
Butler (1987) (see Jensen, 2005)t 
Butler (1987) (see Jensen, 2005)t 
Shipley and Hornell (1906) 
Shipley and Hornell (1905) 
MacCallum (1917) 
Shipley and Hornell (1905) 
Jadhav and Shinde (1987) 
Pramanik and Manna (2007) 
Southwell (1925) 
Shipley (1900) 
Campbell and Beveridge (2002) 
MacCallum (1921) 
Shipley and Hornell (1906) 
Shipley and Hornell (1906); Zaidi and Khan (1976) 
Beveridge and Campbell (1988) 
Beveridge (1990) 
MacCallum (1917) (as Tetrarhynchus narinari; 
see Palm, 2004) 
Campbell and Beveridge (2009) 
Toth et al. (1992) 
Palm (2004) 
Palm (2004) 
Shipley and Hornell (1906) 
Beveridge and Campbell (1998) 
Mayes and Brooks (1981) 
Linton (1916) 
Brooks and Mayes (1980) 
Linton (1916); Mayes and Brooks (1981) 
Shipley and Hornell (1906)t 
this study 
Shipley and Hornell (1906)t 
Khambata and Bal (1953) 
Khambata and Bal (1953) 
(Table I continued) 
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TABLE I. Continued. 
Host 
Cestode Order: Species; Locality 
Tetraphyllidea: Acanthobothrium myliomaculata Srivastav, Shweta and 
Noopur, 1995; India 
Tetraphyllidea: Anthobothrium panjadi (Shipley and Hornell, 1906) Shipley, 
1909; Sri Lanka 
Tetraphyllidea: Rhoptrobothrium myliobatidis Shipley and Hornell, 1906; 
Sri Lanka, Borneo 
Aetomylaeus milvus (Valenciennes, in Muller and Henle, 1841) (no records) 
Aetomylaeus nichojii (Bloch and Schneider, 1801) 
Lecanicephalidea: Elicilacunosus dharmadii n. gen., n. sp.; Malaysia 
Lecanicephalidea: Elicilacunosus fahmii n. gen., n. sp.; Indonesia 
Tetraphyllidea: Acanthobothrium hanumantharaoi Rao, 1977; India 
Tetraphyllidea: Myliobatibothrium alii Shinde and Mohekar, 1983; India 
Tetraphyllidea: Myliobatibothrium singhi Sarwade, Shinde, Pawar, 
and Mahajan, 1995; India 
Tetraphyllidea: Rhoptrobothrium chongi Jensen and Caira, 2006; Malaysia 
Tetraphyllidea: Rhoptrobothrium gambangi Jensen and Caira, 2006; Malaysia 
Tetraphyllidea: Rhoptrobothrium limae Jensen and Caira, 2006; Malaysia 
Aetomylaeus cf. nichojii 1 (no records) 
Aetomylaeus cf. nichojii 2 
Tetraphyllidea: Acanthobothrium rhynchobatidis Subhapradha, 1955; Australia 
Aetomylaeus vespertilio (Bleeker, 1852) 
Lecanicephalidea: Aberrapex weipaensis n. sp.; Australia 
Lecanicephalidea: Collicocephalus baggio n. gen., n. sp.; Australia 
Lecanicephalidea: Rexapex nanus n. gen., n. sp.; Australia 
Myliobatis aquila (Linnaeus, 1758) 
Diphyllidea: Echinobothrium mathiasi Euzet, 1951; France 
Tetraphyllidea: Acanthobothrium batailloni Euzet, 1955; not given 
Rhinebothriidea: Echeneibothrium myliobatis aquilae Diesing, 1863; not given 
Rhinebothriidea: Rhinebothrium setiensis Euzet, 1955; not given 
Rhinebothriidea: Rhodobothrium lubeti (Euzet, 1959) Campbell and Carvajal, 1979; France 
Trypanorhyncha: Dollfusiella spinifer (Dollfus, 1969) Campbell and Beveridge, 1994; France 
Trypanorhyncha: Parachristianella monomegacantha Kruse, 1959; France 
Trypanorhyncha: Prochristianella glaber (Dollfus, 1969) Beveridge, 1990; France 
Trypanorhyncha: Tetrarhynchobothrium setiense Dollfus, 1969; France 
Trypanorhyncha: Tetrarhynchobothrium striatum (Wagener, 1854) Beveridge, 2008; Italy 
Myliobatis australis Macleay, 1881 
Tetraphyllidea: Acanthobothrium martini Campbell and Beveridge, 2002; Australia 
Tetraphyllidea: Acanthobothrium pichelinae Campbell and Beveridge, 2002; Australia 
Trypanorhyncha: Dollfusiella bareldsi (Beveridge, 1990) Beveridge, Neifar, 
and Euzet, 2004; Australia 
Trypanorhyncha: Tetrarhynchobothrium australe Beveridge and Campbell, 
1988; Australia 
Trypanorhyncha: Trimacracanthus aetobatidis (Robinson, 1959) Beveridge 
and Campbell, 1987; Australia 
Myliobatis californica Gill, 1865 
Diphyllidea: Echinobothrium mexicanum Tyler and Caira, 1999; Mexico 
Diphyllidea: Echinobothriumfautleyae Tyler and Caira, 1999; Mexico 
Lecanicephalidea: Aberrapex senticosus Jensen, 2001; Mexico 
Lecanicephalidea: Discobothrium myliobatidis Dailey and Mudry, 1968; California 
Rhinebothriidea: Echeneibothrium opisthorchis (Riser, 1955) Yamaguti, 1959; California 
Rhinebothriidea: Rhodobothrium brachyascum (Riser, 1955) Campbell and 
Carvajal, 1979; California 
Tetraphyllidea: Acanthobothrium holorhini Alexander, 1953; California 
Tetraphyllidea: Acanthobothrium maculatum Riser, 1955; California 
Tetraphyllidea: Acanthobothrium microcephalum Alexander, 1953; California 
Source 
Srivastav et al. (1995)t 
Shipley (1909)t 
Shipley and Hornell (1906)t; 
Jensen and Caira (2006) 
this study 
this study 
Rao (1977)§ 
Shinde and Mohekar (1983)§ 
Sarwade et al. (199 5)§ 
Jensen and Caira (2006) 
Jensen and Caira (2006) 
Jensen and Caira (2006) 
Campbell and Beveridge (2002) 
this study 
this study 
this study 
Euzet (1951)11 
Euzet (1955) 
Diesing (1863) 
Euzet (1955) 
Campbell and Carvajal (1979) 
Beveridge et al. (2004) 
Beveridge et al. (2004) 
Dollfus (1969) 
Dollfus (1969) 
Beveridge (2008) 
Campbell and Beveridge (2002) 
Campbell and Beveridge (2002) 
Beveridge (1990) 
Beveridge and Campbell (1988) 
Beveridge and Campbell (1987) 
Tyler and Caira (1999) 
Tyler and Caira (1999) 
Jensen (2001) 
Dailey and Mudry (1968) 
Riser (1955)# 
Riser (1955)# 
Alexander (1953)# 
Riser (1955)# 
Alexander (1953)# 
(Table I continued) 
178 THE JOURNAL OF PARASITOLOGY, VOL 98, NO.1, FEBRUARY 2012 
TABLE 1. Continued. 
Host 
Cestode Order: Species; Locality 
Tetraphyllidea: Acanthobothrium unilateralis Alexander, 1953; California 
Tetraphyllidea: Caulobothrium tetrascaphium Riser, 1955; California 
Trypanorhyncha: Mecistobothrium myliobati Heinz and Dailey, 1974; California 
Myliobatis chilensis Philippi, 1892 
Rhinebothriidea: Rhodobothrium mesodesmatum (Bahamonde and Lopez, 1962) 
Campbell and Carvajal, 1979; Chile 
Tetraphyllidea: Acanthobothrium coquimbensis Carvajal and Jeges, 1980; Chile 
Tetraphyllidea: Caulobothrium myliobatidis Carvajal, 1977; Chile 
Myliobatis freminvillii Lesueur, 1824 
Tetraphyllidea: Caulobothrium longicolle (Linton, 1890) Baer, 1948; Massachusetts 
Myliobatis goodei Garman, 1885 
Diphyllidea: Echinobothrium megacanthum Ivanov and Campbell, 1998; Argentina 
Lecanicephalidea: Aberrapex arrhynchum (Brooks, Mayes, and Thorson, 1981) 
Jensen, 2001; Uruguay 
Tetraphyllidea: Caulobothrium ostrowskiae Brooks, Mayes, and Thorson, 1981; Uruguay 
Tetraphyllidea: Caulobothrium uruguayensis Brooks, Mayes, and Thorson, 1981; Uruguay 
Tetraphyllidea: Phyllobothrium myliobatidis Brooks, Mayes, and Thorson, 1981; Uruguay 
Myliobatis hamlyni Ogilby, 1911 
Trypanorhyncha: Paroncomegas myliobatis Palm, 2004; Indonesia 
Myliobatis longirostris Applegate and Fitch, 1964 
Diphyllidea: Echinobothrium mexicanum Tyler and Caira, 1999; Mexico 
Trypanorhyncha: Pseudochristianella nudiscula Campbell and Beveridge, 2006; Mexico 
Myliobatis peruvianus Garman, 1913 (no records) 
Myliobatis rhombus Basilewsky, 1855 (no records) 
Myliobatis sp. 
Lecanicephalidea: "Tylocephalum minutum Subhapradha, 1955" 
Myliobatis tenuicaudatus Hector, 1877 
Trypanorhyncha: Trimacracanthus aetobatidis (Robinson, 1959) Beveridge and 
Campbell, 1987; New Zealand 
Myliobatis tobijei Bleeker, 1854 
Tetraphyllidea: Caulobothrium tobejei (Yamaguti, 1934) Baer, 1948; Japan 
Pteromylaeus asperrimus (Jordan and Evermann, 1898) (no records) 
Pteromylaeus bovinus (Geoffrory St. Hilaire, 1817) (no records) 
• Host given at Aetobatus narinari or Aetobatis [sic] narinari. 
t Host given as Hornellobothrium cobra/ormis. 
t Host given as Myliobatis maculata. 
§ Host given as Myliobatus nieullofii [sic]. 
II Host given as Leiobatis aquila. 
# Host given as Aetobatus califomicus or Holorhinus californicus. 
11 Host erroneously given as Myliobatis uruguayensis . 
•• Host given as "Mliobatis." 
Alexander (1953)# 
Riser (1955) 
Source 
Heinz and Dailey (1974) 
Campbell and Carvajal (1979) 
Carvajal and Jeges (1980) 
Carvajal (1977) 
Linton (1890) 
Ivanov and Campbell (1998) 
Brooks et al. (1981) 
Brooks et al. (1981) 
Brooks et al. (1981)~ 
Brooks et al. (1981) 
Palm (2004) 
Tyler and Caira (1999) 
Campbell and Beveridge (2006) 
Mohekar et al. (2002)** 
Robinson (1959) 
Yamaguti (1934) 
collected off Kalepseban (03°14'S, 112°54'E), Central Kalimantan, Java 
Sea, in December 2006. 
For clarity, specimens that appear to represent the original concept of A. 
nichofii as circumscribed by Naylor et al. (2012) have been referred to as A. 
nichofii sensu stricto; those belonging to what appear to be other members 
of this species complex have been given number designations, A. cf. nichofii 
1 or A. cf. nichofii 2, per Naylor et al. (2012). All 17 specimens of the A. 
nichofii complex examined were collected using bottom trawls. The 
specimens of A. nichofii sensu stricto from Malaysian Borneo consisted of 
3 females (DW 42, 50, and 35 cm; BO-34, BO-37, and BO-59, respectively) 
collected off Mukah (02°53'N, 1l2°05'E), Sarawak, South China Sea, in 
June 2002 and 1 immature male (DW 20 cm; BO-145) and 1 female (DW 
22 cm; BO-180) collected offSematan (02°53'N, 1l2°05'E), Sarawak, South 
China Sea, in May 2003. The specimens of A. nichofii sensu stricto from 
Indonesian Borneo consisted of 1 female (DW 45 em; KA-21) and I male 
(DW 45 cm; KA-434) collected off Manggar (01°12'S, 116°58'E), East 
Kalimantan, Makassar Strait, in November 2006 and August 2008, 
respectively; 1 immature male (DW 29 em; KA-90) collected off Muara 
Kintap (03°54'S, 115°15'E), South Kalimantan, Makassar Strait, in 
November 2006; 1 female (DW 35 em; KA-96) collected off Takisung 
(03°54'N, 114°36'E), South Kalimantan, Java Sea, in December 2006; and 1 
female (DW 31 em; KA-362) collected offSepuk Laut (000I2'S, 109°05'E), 
West Kalimantan, South China Sea, in July 2008. The specimens of A. cf. 
nichofii 2 from northern Australia consisted of 5 males (DW 33-53 cm; NT-
50, NT-51, NT-57, NT-59, and NT-79) and 2 females (DW 58 and 44 em; 
NT-52 and NT-60, respectively) collected in the Arafura Sea east of the 
Wessel Islands (11 °17'S, 136°59'E), Northern Territory, in November 1999. 
Necropsies were performed as follows. The body cavity of each host 
specimen was opened via a mid-ventral longitudinal incision, and the 
spiral intestine was removed and opened with a longitudinal incision. A 
subset of the worms found was fixed in 95% ethanol for future molecular 
analysis. The remaining worms were fixed in 10% formalin buffered with 
seawater and later transferred to 70% ethanol for storage. The spiral 
intestines and their remaining contents were fixed in 10% formalin 
buffered with seawater and then transferred to 70% ethanol for stor-
age; they were subsequently examined for additional lecanicephalidean 
cestodes using a dissecting microscope. Cestode specimens were prepared 
as whole mounts as follows. They were hydrated in distilled water, stained 
with Delafield's hematoxylin, differentiated in tap water, destained in 70% 
acid ethanol, alkalinized in 70% basic ethanol, dehydrated in a graded 
ethanol series, cleared in methyl salicylate, and mounted on glass slides 
under coverslips in Canada balsam. Semi-permanent egg mounts were 
prepared as follows. A gravid proglottid was placed in lactophenol for 1 hr, 
transferred to a glass slide, broken open with insect pins, and mounted in 
lactophenol under a coverslip ringed with clear nail polish. 
Specimens were prepared for examination using a scanning electron 
microscope (SEM) as follows. They were hydrated in a graded ethanol series, 
post-fixed in 1% osmium tetroxide overnight, washed in distilled water, 
dehydrated in a graded ethanol series, transferred to hexamethyldisilizane for 
20 min, air-dried, and mounted on aluminum stubs on double-sided adhesive 
carbon tape. Specimens were sputter coated with c. 30 nm of gold and 
examined with a Zeiss LEO 1550 field emission SEM at the Microscopy and 
Analytical Imaging Laboratory, University of Kansas, Lawrence, Kansas. 
Selected whole worms, scolices, and proglottids were prepared as 
histological sections as follows. They were dehydrated in a graded ethanol 
series, cleared in xylene, and embedded in paraffm according to conventional 
techniques. Serial sections were cut at approximately 7 IJlll intervals using a 
TBS Olympus Cut 4060 microtome, attached to glass slides by floating 
sections on 3% sodium silicate solution, and allowed to air dry. Sections were 
stained with Delafield's hematoxylin, counterstained with eosin, differenti-
ated in Scott's solution, dehydrated in a graded ethanol series, transferred to 
xylene, and mounted in Canada balsam under coverslips. 
Histological sections of selected proglottids were prepared as above and 
stained for glandular tissues using an adaptation of McManus' periodic acid-
Schiff (PAS) reaction (Sheehan and Hrapchak, 1987) according to the 
following procedure. Sections were placed in xylene, hydrated in a graded 
ethanol series, transferred to distilled water, immersed in 0.5% aqueous 
periodic acid for 5 min, rinsed in several changes of distilled water, immersed 
in Schiff's reagent (Electron Microscopy Science, Hatfield, Pennsylvania) for 
20 min, rinsed in heated distilled water (~55 C) for 10 min, washed in tap 
water for 10 min, counterstained in Harris's hematoxylin, washed in tap 
water, dehydrated in a graded ethanol series, cleared in xylene, and mounted 
in Canada balsam under coverslips. 
Line drawings were made using a drawing tube attached to a Zeiss 
Axioskop 2 Plus. Images of whole mounts and histological sections were 
taken using a Leica Firecam DFC 320 or DFC 480 attached to a Zeiss 
Axioskop 2. Measurements were made using a Leica Firecam DFC 320 
digital camera mounted on a Zeiss Axioskop 2 Plus and the image analysis 
program Openlab Demo Version 4.0.4. Measurements are given in 
micrometers (IJlll) unless otherwise indicated and are provided as the 
range followed in parentheses by the mean, standard deviation, number of 
worms examined, and the total number of measurements if more than 1 
measurement was taken per worm. Measurements of reproductive organs 
are presented for mature proglottids only. Elasmobranch taxonomy 
follows Last and Stevens (2009) and Compagno (1999), as modified by 
Naylor et al. (2012). Microthrix terminology follows Chervy (2009). 
Museum abbreviations are as follows: Institute of Parasitology 
(IPCAS), Ceske Budejovice, Czech Republic (ASCR); Lawrence R. 
Penner Parasitology Collection, Department of Ecology and Evolutionary 
Biology, University of Connecticut, Storrs, Connecticut (LRP); Muzium 
Zoologi, Universiti Malaya, Kuala Lumpur, Malaysia (MZUM); Museum 
Zoologicum Bogoriense, Center for Biology, Indonesian Institute of 
Science, Cibinong, Jakarta-Bogor, Java, Indonesia (MZB); Queensland 
Museum, Queensland, Australia (QM); Sarawak Biodiversity Center, 
Kuching, Sarawak, Malaysia (SBC); United States National Parasite 
Collection, Beltsville, Maryland (USNPC). 
RESULTS 
Collicocephalus n. gen. 
Diagnosis: Worms euapolytic. Scolex bearing 4 acetabula, 
apical modification of scolex proper, and apical organ. Acetabula 
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in form of suckers. Apical modification of scolex proper with 
extensive aperture housing apical organ. Apical organ large, 
muscular, with glandular surface, retractable, in form of 
transverse oval pad when everted. Cephalic peduncle short or 
absent. Proglottids craspedote, with dorsal and ventral pair of 
lateral laciniations. Testes arranged in 2 columns, anterior to 
ovary, may be degenerated in terminal mature proglottid. 
External seminal vesicle saccate, extending from ootype to 
anterior margin of cirrus sac. Internal seminal vesicle absent. 
Cirrus sac round to pyriform. Cirrus unarmed. Ovary H-shaped 
in dorso-ventral view, tetralobed in cross-section. Vagina extend-
ing laterally in mature proglottid, along proglottid midline in 
posterior-most proglottids, from ootype to genital atrium, 
opening into genital atrium posterior to cirrus sac. Genital pores 
lateral, irregularly alternating. Uterus medial, saccate. Vitellaria 
follicular; follicles arranged in 4 columns, 1 dorsal and 1 ventral 
column on each lateral margin of proglottid, extending from 
anterior margin of ovary to near anterior margin of proglottid. 
Single pair of excretory ducts. Eggs unknown. In spiral intestine 
of Aetomylaeus (Myliobatidae), Northern Australia. 
Taxonomic summary 
Type and only species: Collicocephalus baggioi n. sp. 
Etymology: Kollix, -ikos, Gr., roll or loaf of bread. This genus 
was named for the unusually oval shape of its apical organ which, 
when everted, resembles a loaf of bread. 
Remarks 
Its possession of a scolex consisting of 4 acetabula in the form 
of suckers and an apical organ, a vagina opening into the genital 
atrium posterior to the cirrus sac, and the presence of an extensive 
external seminal vesicle, clearly place Collicocephalus n. gen. in 
the order Lecanicephalidea. Collicocephalus n. gen. conspicuously 
differs from Paraberrapex Jensen, 2001, and Aberrapex Jensen, 
2001, in its possession of an apical organ. Its large, muscular, 
retractable apical organ clearly distinguishes it from Eniochobo-
thrium Shipley and Hornell, 1906; Hornellobothrium Shipley and 
Hornell, 1906; Healyum Jensen, 2001; and Quadcuspibothrium 
Jensen, 2001, each of which possess a small, conical, glandular 
apical organ. Unlike Polypocephalus Braun, 1878, the apical 
organ of Collicocephalus n. gen. is not divided into retract-
able tentacles. Whereas the testes in Collicocephalus n. gen. are 
arranged in 2 columns and the strobila is euapo1ytic, the testes in 
Anteropora Subhapradha, 1955, and Sesquipedalapex Jensen, 
Nikolov, and Caira, 2011, are arranged in a single column, and 
the strobila is hyperapolytic. Its craspedote and laciniate 
proglottids and saccate uterus distinguish Collicocephalus n. 
gen. from Tetragonocephalum Shipley and Hornell, 1905, in 
which the prog10ttids are acraspedote and non-laciniate, the 
uterus has a conspicuous constriction at its mid-level, and the 
ovary is oval in dorso-ventral view. This new genus differs from 
Tylocephalum Linton, 1890, in bearing an apical organ that is oval 
in shape and retractable and vitelline follicles arranged in 1 dorsal 
and 1 ventral column on each lateral margin of the proglottid, 
rather than an apical organ that is round in shape and non-
retractable and vitelline follicles that are circumcortical or arranged 
in more than 2 columns on each lateral margin. Collicocephalus n. 
gen. differs from Hexacanalis Perrenoud, 1931, in its possession of a 
single pair, rather than 3 pairs, of excretory ducts. Its ovary, which is 
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tetralobed in cross-section, distinguishes Collicocephalus n. gen. 
from Corrugatocephalum Caira, Jensen, and Yamane, 1997, in 
which the ovary is trilobed in cross-section. Collicocephalus n. 
gen. is most similar to Lecanicephalum Linton, 1890. It can, 
however, be distinguished from the latter genus in that its 
proglottids are craspedote and laciniate, rather than only weakly 
craspedote and non-laciniate, as well as in its lack of post-
ovarian vitellaria. Furthermore, whereas the apical organ of 
Collicocephalus n. gen. is in the form of a thick pad, that of 
Lecanicephalum is in the form of a sheet. Finally, the distinctive 
circular muscle bundles seen in the apical organ of Lecanicepha-
lum are absent in Collicocephalus n. gen. 
Collicocepha/us baggioi n. sp. 
(Figs. 1-16) 
Description (based on 27 specimens: 16 whole mounts of mature 
worms, frontal sections of 2 scoleces with apical organ everted, 
frontal sections of 2 scoleces with apical organ retracted, cross-
sections of 1 mature proglottid, and 6 scoleces and 1 whole worm 
prepared for SEM): Worms 2.1-5.1 mm (3.1 ± 0.9; 16) long; 
maximum width at scolex, euapolytic; proglottids 20-71 (39 ± 16; 
16) in number. Scolex 129-203 (161 ± 24; 11) long by 218-350 
(291 ± 34; 14) wide, consisting of 4 acetabula, apical modification 
of scolex proper and apical organ. Acetabula in form of suckers, 
54-82 (64 ± 7; 13; 26) long by 56-74 (65 ± 5; 13; 26) wide. Apical 
modification of scolex proper with extensive aperture at center 
housing apical organ. Apical organ retractable (Fig. 6), large, 
muscular, with glandular surface, in form of transverse oval pad 
when everted (Figs. 5, 16). 
Acetabular rims with trullate spinitriches and capilliform 
filitriches (Figs. 9, lO). Distal acetabular surface and scolex 
proper with capilliform filitriches (Fig. 12). Apical organ with 
papilliform filitriches (Fig. 7). Proglottids with acicular filitriches 
(Fig. 13). 
Cephalic peduncle short or absent. Proglottids craspedote, with 
dorsal and ventral pair of lateral laciniations; laciniations 
inconspicuous in mature proglottids. Immature proglottids 18-
69 (37 ± 16; 16) in number, initially wider than long, becoming 
longer than wide with maturity; posterior-most immature 
proglottid 236-554 (375 ± 77; 16) long by 122-312 (216 ± 53; 
16) wide. Mature proglottids 1-3 in number, 770-1,lO3 (945 ± 85; 
16) long by 146-282 (216 ± 38; 16) wide. Testes 19-29 (23 ± 3; 14) 
in number, 18-74 (42 ± 14; 15; 45) long by 27-109 (67 ± 18; 15; 
45) wide, extending from anterior margin of proglottid to ovary, 
slightly overlapping anterior margin of ovary, 2 columns in dorso-
ventral view (Fig. 1), 1 row deep in cross-section, may be 
degenerated in terminal mature proglottid; post-ovarian testes 
absent. Vasa efferentia not observed. Vas deferens extending 
laterally in proglottid from ootype to anterior margin of cirrus 
sac, enlarged to form external seminal vesicle in terminal mature 
proglottids in which testes are degenerated. External seminal 
vesicle extensive, saccate, extending laterally in proglottid from 
ootype to anterior margin of cirrus sac. Internal seminal vesicle 
absent. Cirrus sac round to pyriform, slightly angled anteriorly, 
87-170 (127 ± 20; 16) long by 67-165 (lO6 ± 24; 16) wide, 
containing coiled cirrus. Cirrus microtriches absent. Ovary H-
shaped in dorso-ventral view, tetralobed in cross-section (Fig. 15), 
223-351 (299 ± 40; 15) long by lO8-434 (169 ± 76; 15) wide, 
lobulated, symmetrical; ovarian bridge at middle of ovary. 
FIGURES 1-3. Line drawings of Collicocephalus baggioi n. gen., n. sp. 
(1) Whole worm. (2) Scolex. (3) Mature terminal proglottid. Arrows 
indicate level of cross-sections in Figures 14 and 15. 
KOCH ET AL.-NEW GENERA AND SPECIES OF LECANICEPHALIDEANS 181 
FIGURES 4-13. Scanning electron micrographs of Collicocephalus baggioi n. gen., n. sp. (4) Whole wonn with apical organ fully everted. (5) Scolex 
with apical organ everted. Small numbers indicate location of detail in Figures 7 and II. (6) Scolex with apical organ retracted. Small number indicates 
location of detail in Figure 12. (7) Apical organ with papillifonn filitriches. (8) Enlarged view of laciniate proglottids. (9) Enlarged view of acetabulum. 
Small number indicates location of detail in Figure 10. (10) Acetabular rim with trullate spinitriches and capillifonn filitriches. (11) Enlarged view of 
apical modification of scolex proper with acicular and capillifonn filitriches and region devoid of microtriches. (12) Scolex proper with capillifonn 
filitriches. (13) Posterior margin of anterior proglottid with acicular filitriches. 
Mehlis' gland near posterior margin of ovary. Vagina extending 
laterally in mature proglottids, medially in terminal mature 
proglottids in which testes are degenerated, from ootype to 
genital atrium, opening into genital atrium posterior to cirrus sac. 
Genital pores lateral, irregularly alternating, 56--70% (61 ± 4; 16) 
of proglottid length from posterior end. Uterus saccate, extending 
medially in proglottid from ovarian bridge to level of anterior-
most vitelline follicles. Vitellaria follicular, medullary; follicles 
arranged in 4 columns, 1 dorsal and I ventral column on each 
lateral margin of proglottid in cross-section (Fig. 14), extending 
from anterior margin of ovary to near anterior margin of 
proglottid, may overlap ovary, 10-38 (23 ± 7; 16; 48) long by 
14-68 (40 ± 14; 16; 48) wide. Single pair of excretory ducts 
(Fig. 15). Eggs not observed. 
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FIGURES 14-16. Collicocephalus baggioi n. gen., n. sp. (14) Cross-
section through mature proglottid at level of external seminal vesicle. (15) 
Cross-section through mature proglottid at level of tetralobed ovary 
anterior to ovarian bridge. (16) Frontal section through scolex. Arrow 
indicates boundary between apical modificaton of scolex proper and 
apical organ. Abbreviations: ED, excretory duct; ESV, external seminal 
vesicle; OV, ovary; UT, uterus; V A, vagina; VD, vas deferens; VT, 
vitelline follicle. 
Taxonomic summary 
Type and only host: Aetomylaeus vespertilio (Bleeker) (CM03-
61), the ornate eagle ray (Myliobatiformes: Myliobatidae). 
Site of infection: Spiral intestine. 
Type locality: Off Weipa (l2°40'S, l4l052'E), Queensland, 
Australia, Gulf of Carpentaria. 
Type specimens: Holotype (QM No. G233499), 7 paratypes (5 
whole mounts, frontal sections of 1 scolex with apical organ 
everted, and 1 scolex with apical organ retracted; QM Nos. 
G233500-G233508); 6 paratypes (USNPC No. 104892); 6 
paratypes (4 whole mounts, frontal sections of scolex with apical 
organ everted and cross-sections of mature proglottid of 1 
specimen, and 1 scolex with apical organ retracted; LRP 
Nos. 7701-7711). Whole worm and 6 scoleces prepared for SEM 
(and their stobilar vouchers) retained in the personal collection of 
K. Jensen at the University of Kansas. 
Prevalence: One of 5 host individuals examined (20%). 
Etymology: This species is named for Julian Baggio, of Cairns 
Marine, Australia, for his assistance with the collection of host 
specimens from Weipa, Australia. 
Remarks 
This species, currently the only member of its genus, has an 
unusually wide range in total length as compared with the other 
lecanicephalidean species described in this study. Of the 16 whole 
worm paratypes included in this description, 10 were of the 
larger type and 6 were of the smaller type. This relatively large 
range in total length appears to be mainly the result of variation 
in the numbers of immature and mature proglottids, with smaller 
worms having only 1 or 2 mature proglottids, while larger worms 
have up to 3 mature proglottids. These differences were, 
however, considered to be well within the range of intraspecific 
variation. 
Elicilacunosus n. gen. 
Diagnosis: Worms euapolytic. Scolex bearing 4 acetabula, 
apical modification of scolex proper, and apical organ. 
Acetabula in form of suckers. Apical modification of scolex 
proper oval to elongate, cylindrical, partially invaginable, with 
aperture, housing apical organ. Apical organ oblong, primarily 
glandular, retractable. Cephalic peduncle present or absent. 
Proglottids craspedote, non-laciniate; posterior immature and 
mature proglottids with region of musculo-glandular tissue along 
midline of dorsal and ventral surfaces manifested externally as 
tandem series of depressions. Testes arranged in 2 regular 
columns, anterior to ovary. Vas deferens extending laterally in 
proglottid from ootype to cirrus sac, not expanded to form 
external seminal vesicle. Internal seminal vesicle not observed. 
Cirrus sac pyriform. Cirrus unarmed. Ovary essentially H-
shaped in dorso-ventral view, bilobed in cross-section. Vagina 
extending laterally in proglottid from ootype to genital atrium, 
opening into genital atrium posterior to cirrus sac. Genital pores 
lateral, irregularly alternating. Uterus saccate, submedial. 
Vitellaria follicular, medullary; follicles arranged in 4 columns, 
1 column dorsal and 1 ventral to testes (never lateral to testes), 
anterior to ovary. Single pair of excretory ducts. Eggs oval, with 
bipolar filaments. In spiral intestine of Aetomylaeus (Mylioba-
tidae), South China Sea. 
Taxonomic summary 
Type species: Elicilacunosus sarawakensis n. sp. 
Additional species: Elicilacunosus dharmadii n. sp.; Elicilacuno-
sus fahmii n. sp. 
Etymology: Elix, -icis, L., trench; lacuna, L., cavity, hollow. 
This genus is named for the unique region of musculo-glandular 
tissue along the midline of the dorsal and ventral surfaces of the 
proglottids, which is manifested externally as tandem series of 
depressions. 
Remarks 
Among elasmobranch tapeworms, its possession of a scolex 
bearing 4 acetabula and an apical organ, as well as a vagina 
opening into the genital atrium posterior to the cirrus sac, clearly 
places Elicilacunosus n. gen. in the Lecanicephalidea. Elicilacunosus 
n. gen. is morphologically very much unlike any of the genera 
previously described in the order. It differs conspicuously from the 
15 genera of Lecanicephalidea now recognized in its possession of a 
region of musculo-glandular tissue along the midline of the dorsal 
and ventral surfaces of the proglottid, manifested externally as a 
tandem series of depressions. It further differs from all 15 genera in 
that the vitelline follicles are dorsal and ventral, rather than lateral, 
to each column of testes. This new genus can be further 
distinguished from Aberrapex, Anteropora, Hornellobothrium, 
Paraberrapex, and Quadcuspibothrium in its possession of acetab-
ula in the form of suckers, rather than bothridia. Elicilacunosus n. 
gen. further differs from Sesquipedalapex in being euapolytic rather 
than hyperapolytic. Its possession of a single pair of excretory ducts 
further distinguishes it from Lecanicephalum, Polypocephalus, 
Tetragonocephalum, and Tylocephalum, each with 2 pairs of 
excretory ducts, and from Hexacanalis, which possesses 3 pairs of 
excretory ducts. Whereas Corrugatocephalum and Healyum each 
possess a total of only 3 testes, Elicilacunosus n. gen. possesses 
many testes arranged in 2 distinct lateral columns. The anterior 
immature proglottids of Elicilacunosus n. gen. are not laterally 
expanded as in Eniochobothrium and Hornellobothrium. Further-
more, whereas the apical organ of Elicilacunosus n. gen. is elongate 
and retractable, it consists of multiple tentacles in Polypocephalus 
and an oval pad in Collicocephalus. 
The function of the unusual column of regular depressions 
consisting of patches of musculo-glandular tissue along the midline 
of the dorsal and ventral surfaces of the proglottids of Elicilacunosus 
n. gen. remains a puzzle. This feature is unique among the over 80 
described species of lecanicephalideans; in fact, to our knowledge, 
this feature is unique among tapeworms in general. Only in the 
proteocephalidean Ophiotaenia gallardi (Johnston, 1911) Freze, 
1965, has a superficially similar arrangement of depressions or pores 
been described. In their redescription of O. gallardi, de Chambrier 
and de Chambrier (2010) presented figures (their figs. 3,4) depicting 
a series of "uterine pore-like structures" (de Chambrier and de 
Chambrier, 2010) arranged in tandem on the ventral surface of a 
subset of terminal gravid proglottids. However, it was clearly 
demonstrated by these authors that these "pore-like structures" are 
definitively associated with the uterus (see de Chambrier and de 
Chambrier, 2010; their fig. 11). The enigmatic surface modification 
in Elicilacunosus n. gen. species appears to involve both the 
tegument and parenchyma. However, the depressions exhibit no 
apparent connection to the reproductive or excretory systems. 
Given its musculo-glandular nature, the tissues associated with these 
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depressions may aid in the attachment of these small worms to the 
intestinal mucosa of their hosts. The results of PAS staining of this 
region in cross-section of proglottids of E. fahmii n. sp. is described 
below. Clearly, this hypothesis requires further investigation. 
Elicilacunosus sarawakensis n. sp. 
(Figs. 17-20, 24-30) 
Description (based on 10 specimens: 8 whole mounts of mature 
worms and 2 whole worms preparedfor SEM): Worms 890-1,830 
(1,175 ± 354; 7) long; maximum width at terminal proglottid, 
euapolytic; proglottids 18-24 (22 ± 2; 8) in number. Scolex 43-74 
(53 ± 11; 7) long by 50-63 (55 ± 4; 7) wide, consisting of 4 
acetabula, apical modificaton of scolex proper, and apical organ. 
Acetabula in form of suckers, 26-33 (30 ± 2; 7; 14) long by 22-31 
(27 ± 3; 7; 12) wide. Apical modification of scolex proper 
elongate, cylindrical (Fig. 19), partially invaginab1e (Fig. 18), 
with aperture, housing apical organ. Apical organ primarily 
glandular, retractable, 17-38 (23 ± 7; 6) long by 30-38 (35 ± 3; 7) 
wide (in retracted and everted state). 
Anterior and lateral acetabular rims with coniform spinitriches 
and capilliform filitriches (Figs. 26, 27); posterior acetabular rims 
with capilliform filitriches only (Fig. 26). Scolex proper with 
papilliform filitriches (Fig. 29). Proglottids with small scolopate 
spinitriches, becoming shorter and more conical toward posterior 
margin of proglottid (Fig. 30). 
Cephalic peduncle absent. Proglottids craspedote, non-lacini-
ate; posterior immature and mature proglottids with region of 
musculo-glandular tissue along midline of dorsal and ventral 
surfaces manifested externally as tandem series of depressions 
(Figs. 24,28). Immature proglottids 17-23 (21 ± 2; 8) in number, 
initially wider than long, becoming longer than wide with 
maturity; posterior-most immature proglottid 138-390 (210 ± 
89; 8) long by 80-190 (116 ± 44; 8) wide. Mature proglottids 1 in 
number, 336-600 (441 ± 79; 8) long by 110-188 (143 ± 29; 8) 
wide. Testes 16-19 (17 ± 1; 8) in number, 26-55 (38 ± 7; 7; 21) 
long by 21-71 (45 ± 13; 7; 21) wide, extending from anterior 
margin of proglottid to ovary, slightly overlapping anterior 
margin of ovary, arranged in 2 regular columns in dorso-ventral 
view (Fig. 20), 1 row deep; post-ovarian testes absent. Vasa 
efferentia not observed. Vas deferens extending laterally in 
proglottid from ootype to cirrus sac. External seminal vesicle 
not observed. Internal seminal vesicle absent. Cirrus sac pyriform, 
slightly angled anteriorly, 33-52 (41 ± 8; 7) long by 32-66 (46 ± 
14; 7) wide, containing coiled cirrus. Cirrus microtriches not 
observed. Ovary H-shaped in dorso-ventral view, bilobed in cross-
section, 60-146 (94 ± 27; 7) long by 73-144 (92 ± 25; 7) wide, 
slightly lobulated, symmetrical; ovarian bridge at middle of ovary. 
Mehlis' gland near posterior margin of ovary. Vagina extending 
laterally in proglottid from ootype to genital atrium, opening into 
genital atrium posterior to cirrus sac. Genital pores lateral, 
irregularly alternating, 44-49% (47 ± 2; 7) of proglottid length 
from posterior end. Uterus saccate, submedial, extending from 
ovarian bridge to level of anterior-most vitelline follicles. 
Vitellaria follicular, medullary; follicles arranged in 4 columns, 
1 column dorsal and 1 ventral to testes (never lateral to testes) on 
each lateral margin of proglottid (Figs. 17, 20), extending from 
anterior margin of ovary to level of second anterior-most row of 
testes, may overlap ovary, 7-24 (15 ± 5; 8; 24) long by 16-46 (28 
± 7; 8; 24) wide. Single pair of excretory ducts. Eggs not observed. 
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FIGURES 17-23. Line drawings of Elicilacunosus sarawakensis n. gen., n. sp. (17) Whole worm. (18) Scolex with retracted apical organ. (19) Scolex 
with protruded apical organ. (20) Mature terminal proglottid. Line drawings of Elicilacunosus dharmadii n. gen., n. sp. (21) Whole worm. (22) Scolex. 
(23) Mature terminal proglottid. 
Taxonomic summary 
Type host: Aetomylaeus maculatus (Gray) (BO-179), the 
mottled eagle ray (Myliobatiformes: Myliobatidae). 
Type locality: Sematan (01°48'N, 109°46'E), Sarawak, Malay-
sia, South China Sea. 
Site of infection: Spiral intestine. 
Specimens deposited: Holotype (MZUM(P) No. 2011.07), 1 
paratype (SBC-P-00046); 4 paratypes (USNPC No. 104893); 2 
paratypes (LRP Nos. 7712-7713). Two whole worms prepared 
for SEM retained in the personal collection of K. Jensen at the 
University of Kansas. 
Prevalence: One of 5 host individuals examined (20%). 
Etymology: This species is named for its type locality, the 
Malaysian State of Sarawak. 
Remarks 
Details of the scolex morphology of this species were somewhat 
difficult to determine because of its small size. In most specimens, 
the scolex was more or less spherical because the anterior region 
of the apical modification of the scolex proper and the apical 
organ were withdrawn into the scolex proper. The apical 
modification of the scolex proper in this condition is dome-
shaped (Figs. 18, 25), not elongate, with a central aperture. The 
apical modification was fully extended in only 1 of the 10 
specimens examined. In this specimen the apical modification of 
the scolex proper appeared to be conspicuously elongate (Fig. 19). 
A more detailed description of the extended apical organ of this 
species based on additional specimens is required to confirm the 
observations made here. 
Elicilacunosus dharmadii n. sp. 
(Figs. 21-23, 31-40) 
Description (based on 17 specimens: 10 whole mounts of mature 
worms, 6 whole mounts of detached mature proglottids, and 1 whole 
worm prepared for SEM): Worms 536--906 (689 ± 110; 9) long; 
maximum width at terminal proglottid, euapolytic; proglottids 
15-26 (20 ± 4; 9) in number. Scolex 43--63 (52 ± 6; 9) long by 47-
62 (56 ± 5; 9) wide, consisting of 4 acetabula, apical modificaton 
of scolex proper, and apical organ. Acetabula in form of suckers, 
24-30 (26 ± 2; 9; 17) long by 21-29 (24 ± 2; 9; 17) wide. Apical 
modification of scolex proper elongate, cylindrical, partially 
invaginable, with aperture (Figs. 22, 32) housing apical organ. 
Apical organ primarily glandular, retractable, 20--29 (25 ± 4; 9) 
long by 29-34 (32 ± 2; 9) wide when retracted. 
Anterior and lateral acetabular rims with trullate spinitriches 
and acicular filitriches (Figs. 33, 35); posterior acetabular rims 
with acicular filitriches only (Fig. 33). Scolex proper with 
acicular filitriches (Fig. 34). Immature proglottids with papilli-
form filitriches (Fig. 39). Mature proglottids with capilliform 
filitriches (Fig. 40), decreasing in length toward posterior 
margin. Anterior-most region of immature and mature proglot-
tids with small gladiate spinitriches (Fig. 38). Region surround-
ing tandem series of depressions with small scolopate spinitriches 
(Fig. 37). 
Cephalic peduncle present or absent. Proglottids craspedote, 
non-laciniate; posterior immature and mature proglottids with 
region of musculo-glandular tissue along midline of dorsal and 
ventral surfaces manifested externally as tandem series of 
depressions (Figs. 31, 36). Immature proglottids 14-25 (19 ± 4; 
9) in number, initially wider than long, becoming slightly longer 
than wide with maturity; posterior-most immature proglottid 65-
129 (86 ± 19; 10) long by 40--135 (94 ± 24; 10) wide. Mature 
proglottids attached to strobila 1 in number, 183-285 (228 ± 31; 
10) long by 99-156 (124 ± 17; 10) wide; detached mature 
proglottids 311-645 (429 ± 125; 6) long by 171-233 (195 ± 24; 6) 
wide. Testes 12-17 (15 ± 2; 15) in number, 11-38 (26 ± 7; 10; 30) 
long by 12-51 (32 ± 11; 10; 30) wide in attached mature 
proglottids, 23-50 (35 ± 9; 5; 15) long by 28--69 (50 ± 12; 5; 15) 
wide in detached mature proglottids, extending from anterior 
margin of proglottid to ovary, slightly overlapping anterior 
margin of ovary, arranged in 2 regular columns in dorso-ventral 
view (Fig. 23), 1 row deep; post-ovarian testes absent. Vasa 
efferentia not observed. Vas deferens extending laterally in 
proglottid from ootype to cirrus sac. External seminal vesicle 
not observed. Internal seminal vesicle absent. Cirrus sac pyriform, 
slightly angled anteriorly, 28-48 (35 ± 5; 10) long by 26--39 (33 ± 
4; 10) wide in attached mature proglottids, 53-93 (70 ± 15; 6) long 
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by 45-83 (64 ± 15; 6) wide in detached mature proglottids, 
containing coiled cirrus. Cirrus microtriches not observed. Ovary 
essentially H-shaped in dorso-ventral view, 29-57 (43 ± 9; 10) 
long by 62-108 (85 ± 15; 10) wide in attached mature proglottids, 
73-156 (106 ± 33; 5) long by 131-171 (150 ± 16; 5) wide in 
detached mature proglottids, slightly lobulated, symmetrical; 
ovarian bridge at middle of ovary. Mehlis' gland near posterior 
margin of ovary. Vagina extending laterally in proglottid from 
ootype to genital atrium, opening into genital atrium posterior to 
cirrus sac. Genital pores lateral, irregularly alternating, 44-54% 
(48 ± 4; 10) of proglottid length from posterior end in attached 
mature proglottids, 41-48% (44 ± 3; 6) of proglottid length from 
posterior end in detached mature proglottids. Uterus saccate, 
submedial, extending from ovarian bridge to level of anterior-
most vitelline follicles. Vitellaria follicular, medullary; follicles 
arranged in 4 columns, 1 column dorsal and 1 ventral to testes 
(never lateral to testes) on each lateral margin of proglottid 
(Figs. 21,23), extending from anterior margin of ovary to level of 
second anterior-most row of testes, slightly overlapping ovary, 7-
11 (9 ± 1; 5; 15) long by 17-28 (22 ± 3; 5; 15) wide in attached 
mature proglottids, 10--32 (15 ± 5; 6; 18) long by 26--68 (41 ± 12; 
6; 18) wide in detached mature proglottids. Single pair of 
excretory ducts. Eggs not observed. 
Taxonomic summary 
Type host: Aetomylaeus nichofii (Schneider) sensu stricto (BO-
34, KA-362), the banded eagle ray (Myliobatiformes: Mylioba-
tidae). 
Type locality: Mukah (02°53'N, 112°05'E), Sarawak, Malaysia, 
South China Sea. 
Additional locality: Sepuk Laut (00012'S, 109°05'E), West 
Kalimantan, Indonesia, South China Sea. 
Site of infection: Spiral intestine. 
Specimens deposited: Holotype (MZUM(P) No. 2011.06); 2 
paratypes (1 whole mount and 1 detached mature proglottid; 
SBC-P-00044-00045); 8 paratypes (5 whole mounts and 3 
detached mature proglottids; USNPC No. 104896); 5 paratypes 
(3 whole mounts and 2 detached mature proglottids; LRP 
Nos. 7724-7728). Whole worm prepared for SEM retained in 
the personal collection of K. Jensen at the University of Kansas. 
Prevalence: Two of 17 host individuals examined (11.8%). 
Etymology: This species was named for Dharmadi of the 
Research Centre for Capture Fisheries in Jakarta, Indonesia, for 
his assistance with host collections. 
Remarks 
Elicilacunosus dharmadii n. sp. can be distinguished from E. 
sarawakensis based on its possession of only 1 proglottid close 
to maturity rather than 2-3 proglottids that are either mature or 
approaching maturity. This new species is further distinguished 
from the type species by its shorter ovary (29-57 vs. 60--146), 
trullate (Fig. 35) rather than coniform (Fig. 27) spinitriches on 
the acetabular rims, and acicular (Fig. 34) rather than papilli-
form (Fig. 29) filitriches on the scolex proper. Unfortunately, 
the apical modification of the scolex proper and the apical 
organ were not everted in any of the specimens examined; 
descriptions of both of these structures in this taxon require 
confirmation. 
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FIGURES 24--30. Scanning electron micrographs of Elicilacunosus sarawakensis n. gen., n. sp. (24) Whole worm. Small number indicates location of 
detail in Figure 30. (25) Scolex. Small number indicates location of detail in Figure 29. (26) Enlarged view of acetabulum. (27) Acetabular rim with 
coniform spinitriches and capilliform filitriches; spinitriches absent from posterior margin of rim. (28) Enlarged view of exterior representation of 
glandular structures. (29) Scolex proper with papilliform filitriches. (30) Proglottid with small scolopate spinitriches, becoming shorter and more conical 
toward posterior margins of proglottid. 
Elicilacunosus fahmii n. sp. 
(Figs. 41-55) 
Description (based on 22 specimens: 1 whole mount of complete 
mature worm, 2 whole mounts of mature worms without apical 
organ, 6 whole mounts of mature and 3 whole mounts of immature 
worms without scolex, 1 whole mount of scolex, 4 whole mounts of 
detached mature proglottids, 1 whole mount of detached gravid 
proglottid, 1 semi-permanent lactophenol preparation of eggs, cross-
sections of 4 mature proglottids [2 detached mature proglottids 
PAS stained], and 1 scolex prepared for SEM): Worms 2,117-
2,662 (2,450 ± 292; 3) long; maximum width at terminal 
proglottid, euapolytic; proglottids 34-51 (42 ± 6; 7) in number. 
Scolex 298 (n = 1) long by 65-125 (105 ± 27; 4) wide, consisting 
of 4 acetabula, apical modificaton of scolex proper, and apical 
organ. Acetabula in form of suckers, 37-60 (53 ± 8; 4; 8) long by 
34-61 (50 ± 9; 4; 8) wide. Apical modification of scolex proper 
long, cylindrical (Figs. 41, 46), invaginable into scolex proper, 
with aperture, housing apical organ. Apical organ primarily 
glandular, retractable, 105 (n = 1) long by 45 (n = 1) wide. 
Acetabular rims with trullate spinitriches and acicular and 
papilliform filitriches (Figs. 47,48). Distal acetabular surface with 
acicular and papilliform filitriches. Scolex proper and posterior 
region of apical modification of scolex proper with capilliform 
filitriches, giving scolex "fuzzy" appearance (Figs. 46, 49). 
Anterior region of apical modification of scolex proper with 
papilliform filitriches (Fig. 51). Proglottids with acicular and 
papilliform filitriches (Fig. 52). 
Cephalic peduncle present. Proglottids craspedote, non-
laciniate; posterior immature and mature proglottids with 
region of musculo-glandular tissue along midline of dorsal and 
ventral surfaces manifested externally as tandem series of 
depressions (Figs. 43, 53-55). Immature proglottids 34-51 (41 
± 6; 7) in number, initially wider than long, becoming longer 
than wide with maturity; posterior-most immature proglottid 
218-378 (277 ± 52; 11) long by 180-319 (235 ± 48; 11) wide. 
Mature proglottids attached to strobila 1 in number, 321-603 
(403 ± 90; 8) long by 190-307 (249 ± 49; 8) wide; detached 
mature proglottids 428-575 (499 ± 81; 4) long by 228-322 (264 
± 41; 4) wide. Detached gravid proglottids, 1,024 (n = 1) long 
by 467 (n = 1) wide. Testes 24-33 (28 ± 3; 14) in number, 9-46 
(26 ± 9; 10; 30) long by 23-102 (64 ± 21; 10; 30) wide in 
attached mature proglottids, 23-52 (35 ± 10; 4; 12) long by 36-
119 (78 ± 23; 4; 12) wide in detached mature proglottids, 
extending from anterior margin of proglottid to ovary, over-
lapping ovary, arranged in 2 regular columns in dorso-ventral 
view (Fig. 43), 1 row deep in cross-section (Figs. 53, 55). Vasa 
efferentia not observed. Vas deferens in form of thick tube, 
extending laterally in proglottid from ootype to cirrus sac. 
External seminal vesicle not observed. Internal seminal vesicle 
absent. Cirrus sac pyriform, 31-122 (75 ± 33; 10) long by 29-58 
(41 ± 11; 190) wide in attached mature proglottids, 45-152 (95 
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± 43; 5) long by 41-144 (75 ± 42; 5) wide in detached mature 
proglottids, containing coiled cirrus. Cirrus microtriches not 
observed. Ovary H-shaped in dorso-ventral view, bilobed in 
cross-section (Fig. 54); 26-129 (75 ± 33; 9) long by 139-217 (176 
± 35; 9) wide in attached mature proglottids, 59-229 (111 ± 70; 
5) long by 152-354 (221 ± 79; 5) wide in detached mature 
proglottids, slightly lobulated, symmetrical; ovarian bridge at 
middle of ovary. Mehlis' gland near posterior margin of ovary. 
Vagina extending laterally in proglottid from ootype to genital 
atrium, opening into genital atrium posterior to cirrus sac. 
Genital pores lateral, irregularly alternating, 32-55% (50 ± 7; 
10) of proglottid length from posterior end in attached mature 
proglottids, 38-52% (45 ± 5; 5) of proglottid length from 
posterior end in detached mature proglottids. Uterus saccate, 
submedial, extending from ovarian bridge to level of anterior-
most vitelline follicles. Vitellaria follicular, medullary (Fig. 53); 
follicles arranged in 4 columns, 1 column dorsal and 1 ventral to 
testes (never lateral to testes) on each lateral margin of 
proglottid (Figs. 42, 43), extending from anterior margin of 
ovary to near anterior margin of proglottid, slightly overlapping 
ovary, 8-21 (13 ± 4; 5; 15) long by 25-51 (39 ± 10; 5; 15) wide 
in attached mature proglottids, 10-53 (20 ± 11; 5; 15) long by 
31-150 (61 ± 35; 5; 15) wide in detached mature proglottids. 
Single pair of excretory ducts (Fig. 54). Eggs oval, 13-16 (15 ± 
1; 5) long by 19-23 (21 ± 2; 5) wide, with bipolar filaments 
(Fig. 45); polar filaments equal in length, 62-100 (83 ± 12; 5; 
10) long. 
Taxonomic summary 
Type host: Aetomylaeus nichofii (Schneider) sensu stricto (KA-
362), the banded eagle ray (Myliobatiformes: Myliobatidae). 
Type locality: Sepuk Laut (00012'S, 109°05'E), West Kaliman-
tan, Indonesia, South China Sea. 
Site of infection: Spiral intestine. 
Specimens deposited: Holotype (whole mount of mature worm 
without apical organ; MZBCa No. 162), 2 paratypes (1 whole 
mount of mature worm without scolex and 1 detached mature 
proglottid; MZBCa Nos. 163-164); 12 paratypes (1 whole mount 
of complete mature worm, 1 whole mount of mature worm 
without apical organ, 2 whole mounts of mature worms without 
scoleces, 2 whole mounts of immature worms without scoleces, 2 
detached mature proglottids, 1 detached gravid proglottid, 1 semi-
permanent lactophenol preparation of eggs, and cross-sections of 
2 mature proglottids [1 PAS stained]; USNPC No. 104894); 7 
paratypes (1 whole mount of scolex, 2 whole mounts of mature 
worms without scoleces [including strobilar voucher of scolex 
prepared for SEM], 1 whole mount of immature worm without 
scolex, 1 detached mature proglottid, and cross-sections of 2 
mature proglottids [1 PAS stained]; LRP Nos. 7714-7723). Scolex 
prepared for SEM retained in the personal collection of K. Jensen 
at the University of Kansas. 
FIGURES 31-40. Scanning electron micrographs of Elicilacunosus dharmadii n. gen., n. sp. (31) Whole worm. Small numbers indicate location of detail 
in Figures 38-40. (32) Scolex. Small number indicates location of details in Figure 34. (33) Enlarged view of acetabulum. (34) Scolex proper with acicular 
filitriches. (35) Acetabular rim with trullate spinitriches and acicular filitriches; spinitriches absent from posterior margin of rim. (36) Enlarged view of 
external representation of glandular structures. Small number indicates location of detail in Figure 37. (37) Region surrounding external representation 
of glandular structures with small scolopate spinitriches. (38) Anterior region of terminal proglottid with small gladiate spinitriches. (39) Posterior 
margin of anterior proglottid with papilliform filitriches, decreasing in length toward posterior margin. (40) Posterior margin of subterminal proglottid 
with capilliform filitriches, decreasing in length toward posterior margin. 
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FIGURES 41-45. Line drawings of Elicilacunosus fahmii n. gen., n. sp. (41) Scolex. (42) Whole worm. (43) Mature terminal proglottid. Arrows indicate 
level of cross-sections in Figures 53-55. (44) Detail of terminal genitalia. (45) Eggs. 
Prevalence: One of 17 host individuals examined (5.9%). 
Etymology: This species was named for Fahmi of the Pusat 
Penelitian Oseanografi, Indonesian Institute of Sciences (LIPI), in 
Jakarta, Indonesia, for his assistance with host collections. 
Remarks 
Elicilacunosus fahmii n. sp. can be easily distinguished from E. 
sarawakensis and E. dharmadii based on its greater total length 
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FIGURES 46-52. Scanning electron micrographs of Elicilacunosus fahmii n. gen., n. sp. (46) Scolex. Small numbers indicate detail in Figures 49-51. 
(47) Enlarged view of acetabulum. Small number indicates detail in Figure 48. (48) Acetabular rim with t~ullate spinitriches ~nd acicular ~nd pap!"!form 
filitriches. (49) Scolex proper with capilliform filitriches. (50) Interface between scolex proper and apIcal organ. (51) Apical organ WIth papilliform 
filitriches. (52) Proglottids with acicular and papilliform filitriches. 
(2,117-2,662 vs. 536-906, and 890-1,830, respectively), as well as 
its greater number of proglottids (34-51 vs. 15-26, and 18-24, 
respectively). In addition, whereas the spinitriches cover only the 
anterior margin of the acetabular rim of E. sarawakensis and E. 
dharmadii, they are present throughout the entire acetabular rim 
in E. fahmii. Moreover, the apical organ is much more extensive in 
this species than it is in either of its congeners. Also, rather than 
covered with acicular filitriches, the entire scolex proper of E. 
fahmii is covered with capilliform filitriches, giving it a "fuzzy" 
appearance (Fig. 46). 
The selective staining of proglottid cross-sections of E. fahmii 
for glycoproteins or mucopolysaccharides using the McManus' 
PAS protocol showed PAS-positive staining of the region 
surrounding what appears to be musculo-glandular tissue, 
especially toward the center of the proglottid (Fig. 55). This 
result supports, but does not allow us to conclusively assign, an 
adhesive function to these tissues. 
Rexapex n. gen. 
Diagnosis: Worms euapolytic. Scolex bearing 4 acetabula, 
apical modification of scolex proper, and apical organ. Acetabula 
bothridiate in form. Apical modification of scolex proper with 
aperture at center housing apical organ. Apical organ muscular, 
non-glandular, retractable, in form of inverted cone, with 18 
papilliform projections around its perimeter. Cephalic peduncle 
absent. Proglottids craspedote, non-laciniate. Anterior-most 
immature proglottids conspicuously laterally expanded. Testes 
arranged in single column, anterior to ovarian bridge. Vas 
deferens expanded to form external seminal vesicle. External 
seminal vesicle saccate, extending from ootype to anterior margin 
of cirrus sac. Internal seminal vesicle absent. Cirrus sac pyriform. 
Cirrus unarmed. Ovary H-shaped in dorso-ventral view, bilobed 
in cross-section. Vagina extending laterally in proglottid from 
ootype to genital atrium, opening into genital atrium posterior to 
cirrus sac. Genital pores lateral, irregularly alternating. Uterus 
medial, saccate. Vitellaria follicular, medullary; follicles arranged 
in I dorsal and 1 ventral column on each lateral margin of 
proglottid, extending from anterior margin of ovary to near 
anterior margin of proglottid. Single pair of excretory ducts. Eggs 
unknown. In spiral intestine of Aetomylaeus (Myliobatidae), 
Northern Australia. 
Taxonomic summary 
Type and only species: Rexapex nanus n. gen. , n. sp. 
Etymology: Rex, L. king. This genus was named for its apical 
organ, which, when everted, resembles a crown. 
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FIGURES 53-55. Elicilacunosus fahmii n. gen., n. sp. (53) Cross-section 
through mature proglottid between genital pore and ovary. (54) Cross-
section through mature proglottid at level of ovary. (55) Cross-section 
through mature proglottid anterior to genital pore (PAS stained); 
musculo-glandular tissue stains PAS positive around its periphery. 
Abbreviations: ED, excretory duct; OV, ovary; T, testis; UT, uterus; 
V A, vagina; VD, vas deferens; VT, vitelline follicle. Arrows indicate center 
of dorsal and ventral regions of musculo-glandular tissue. 
Remarks 
In combination, its possession of a scolex with 4 acetabula, an 
apical organ, a vagina opening into the genital atrium posterior to 
the cirrus sac, and an extensive external seminal vesicle, firmly 
places this new genus within the Lecanicephalidea. Rexapex n. gen. 
conspicuously differs from Paraberrapex and Aberrapex in its 
possession of an apical organ. It differs from the remaining 14 
lecanicephalidean genera in the unusual shape of its apical organ, 
which resembles a crown, i.e., consisting of an apical muscular pad 
bearing 18 papilliform projections around its perimeter. It can 
further be distinguished from Collicocephalus, Eniochobothrium, 
Healyum, Hexacanalis, Lecanicephalum, Tetragonocephalum, and 
Tylocephalum in its possession of testes arranged in a single column, 
rather than in 2 or more columns. Despite the superficial 
resemblance of the papilliform projections of its apical organ to 
the tentacles of Polypocephalus, the 2 genera differ in that the 
projections of the apical organ of Rexapex n. gen. are withdrawn, 
rather than invaginated, when the apical organ is retracted into the 
apical modification of the scolex proper. In addition, whereas the 
anterior immature proglottids of Rexapex n. gen. are laterally 
expanded, those of Polypocephalus are not; furthermore, whereas 
Rexapex n. gen. bears a single pair of excretory ducts, Polypoce-
phalus bears 2 pairs of excretory ducts. It differs from Elicilacunosus 
in lacking the region of musculo-glandular tissue along the midline 
of the dorsal and ventral surfaces of the proglottids. Whereas the 
ovary of Rexapex n. gen. is bilobed in cross-section, the ovaries of 
Corrugatocephalum and Quadcuspibothrium are trilobed in cross-
section. Anteropora and Sesquipedalapex are hyperapolytic, while 
Rexapex n. gen. is euapolytic. Superficially, Rexapex n. gen. is most 
similar to Hornellobothrium, particularly in the laterally expanded 
nature of its anterior immature proglottids. However, its possession 
of an eversible, highly muscular apical organ (rather than a non-
eversible glandular apical organ) readily distinguishes Rexapex n. 
gen. from Hornellobothrium. 
Rexapex nan us n. sp. 
(Figs. 56-71) 
Description (based on 19 specimens: 14 whole mounts of mature 
worms, 1 whole mount of immature worm, cross-sections of 2 
mature proglottids, and 2 whole worms preparedfor SEM): Worms 
910-2,017 (1,414 ± 363; 14) long; maximum width at terminal 
proglottid, euapolytic; proglottids 22-30 (25 ± 2; 14) in number. 
Scolex 43-58 (51 ± 5; 14) long by 39-70 (55 ± 10; 14) wide with 
apical organ retracted, 70 (n = 1) long by 52 (n = 1) wide with 
apical organ everted, consisting of 4 acetabula, apical modifica-
ton of scolex proper, and apical organ. Acetabula bothridiate in 
form, cup-shaped, free anteriorly and posteriorly, 23-31 (27 ± 2; 
12; 22) long by 20-29 (25 ± 2; 12; 22) wide. Apical modification 
of scolex proper with aperture at center housing apical organ. 
Apical organ muscular, non-glandular, retractable (Fig. 58), in 
form of inverted cone, with 18 short, papilliform projections 
around its perimeter (Figs. 57, 61), 36-50 (44 ± 4; 14) long by 
32-59 (47 ± 9; 14) wide when retracted, 74 (n = 1) long by 59 
(n = 1) wide when everted. 
Anterior and lateral acetabular rims with trullate spinitriches 
and capilliform filitriches (Figs. 63, 64); posterior acetabular rims 
with capilliform filitriches only (Fig. 63). Distal acetabular 
surface and scolex proper with acicular filitriches (Fig. 66); 
anterior margin of apical modification of scolex proper with 
small gladiate spinitriches forming band around base of everted 
apical organ (Figs. 61, 65). Proglottids with capilliform filitriches 
and small scolopate spinitriches along posterior proglottid margin 
(Figs. 67, 68). 
Cephalic peduncle absent. Proglottids craspedote, non-lacin-
iate. Anterior immature proglottids conspicuously laterally 
expanded. Immature proglottids 21-29 (24 ± 2; 14) in number, 
initially wider than long, becoming longer than wide with 
maturity; posterior-most immature proglottid 149-485 (264 ± 
91; 14) long by 85-162 (Ill ± 26; 14) wide. Mature proglottids 
1-2 in number, 394-844 (589 ± 130; 14) long by 100-193 (146 ± 
25; 14) wide. Testes 9-14 (12 ± 1; 14) in number, 17-66 (31 ± 13; 
14; 42) long by 32-92 (63 ± 16; 14; 42) wide, extending from 
anterior margin of proglottid to ovarian bridge, 1 column in 
dorso-ventral view (Figs. 56, 59), 1 row deep in cross-section 
(Figs. 69, 70), may be degenerated in terminal mature proglottid; 
post-ovarian testes absent. Vas efferens not observed. Vas 
deferens extending laterally in proglottid from ootype to anterior 
margin of cirrus sac, enlarged to form external seminal vesicle in 
mature proglottids in which testes are degenerated. External 
seminal vesicle extensive, saccate, extending more or less laterally 
in proglottid from ootype to anterior margin of cirrus sac. 
Internal seminal vesicle absent. Cirrus sac pyriform, slightly 
angled anteriorly, 58-106 (80 ± 14; 14) long by 43-88 (69 ± 14; 
14) wide, containing coiled cirrus. Cirrus microtriches absent. 
Ovary H-shaped in dorso-ventral view, bilobed in cross-section 
(Fig. 71), 56-301 (169 ± 59; 14) long by 68-155 (100 ± 24; 14) 
wide, slightly lobulated, symmetrical; ovarian bridge at middle of 
ovary. Mehlis' gland present posterior to ovarian bridge. Vagina 
extending laterally in mature proglottids with testes (more 
medially in mature proglottids in which testes are degenerated) 
from ootype to genital atrium, opening into genital atrium 
posterior to cirrus sac. Genital pores lateral, irregularly 
alternating, 48-63% (56 ± 4; 14) of proglottid length from 
posterior end. Uterus saccate, extending medially in proglottid 
from ovarian bridge to level of anterior margin of vitelline 
follicles. Vitellaria follicular, medullary; vitelline follicles ar-
ranged in 4 columns, 1 dorsal and 1 ventral column on each 
lateral margin of proglottid in cross-section (Fig. 69), extending 
from anterior margin of ovary to near anterior margin of 
proglottid, may slightly overlap ovary, 10-41 (21 ± 8; 14; 42) 
long by 13-75 (35 ± 16; 14; 42) wide. Single pair of excretory 
ducts (Fig. 70). Eggs not observed. 
Taxonomic summary 
Type and only known host: Aetomylaeus vespertilio (Bleeker) 
(CM03-61), the ornate eagle ray (Myliobatiformes: Myliobatidae). 
Type and only known locality: Off Weipa (12°40'S, 141 °52'E) in 
the Gulf of Carpentaria, Queensland, Australia. 
Site of infection: Spiral intestine. 
Specimens deposited: Holotype (QM No. G233489), 5 para-
types (4 whole mounts and 1 proglottid cross-section; QM 
Nos. G233490-233494); 6 paratypes (USNPC No. 104890); 5 
paratypes (4 whole mounts and 1 proglottid cross-section; LRP 
Nos. 7694-7700). Two whole worms prepared for SEM retained in 
the personal collection of K. Jensen at the University of Kansas. 
Prevalence: One of 5 host individuals examined (20%). 
Etymology: nanus, L. dwarf. This species was named for its 
small size. 
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Aberrapex weipaensis n. sp. 
(Figs. 72-80) 
Description (based on 14 specimens: 12 whole mounts of mature 
worms, cross-sections of 1 mature proglottid, and 1 whole worm 
prepared for SEM): Worms 475-1,902 (1,174 ± 410; 12) long, 
maximum width at terminal proglottid, euapolytic; proglottids 
21-28 (24 ± 3; 12) in number. Scolex 40--63 (52 ± 7; 11) long by 
62-79 (70 ± 5; 6) wide, consisting of 4 acetabula. Acetabula 
bothridiate in form, cup-shaped, 46-56 (51 ± 3; 9) long by 33-43 
(37 ± 3; 9) wide. Apical modification of scolex proper and apical 
organ absent (Figs. 73, 76). 
Proximal acetabular surface with hastate spinitriches and 
acicular filitriches (Fig. 79). Distal acetabular surface with 
acicular filitriches (Fig. 77), apex of scolex proper with papilli-
form filitriches (Fig. 78). Proglottids with capilliform filitriches, 
becoming shorter toward posterior proglottid margin (Fig. 80). 
Cephalic peduncle absent. Proglottids craspedote, non-lacini-
ate. Immature proglottids 20--27 (23 ± 3; 12) in number, initially 
wider than long, becoming longer than wide with maturity; 
posterior-most immature proglottid 76-393 (156 ± 85; 11) long 
by 83-129 (103 ± 14; 11) wide. Mature proglottids 1-2 in number; 
terminal mature proglottids with testes 288-462 (405 ± 71; 5) long 
by 117-159 (137 ± 15; 5) wide; terminal mature proglottids in 
which most testes are degenerated 409-774 (562 ± 120; 7) long by 
135-173 (150 ± 13; 7) wide. Testes 10-17 (14 ± 3; 10) in number, 
12-33 (24 ± 6; 8) long by 31-69 (49 ± 11; 8) wide, extending from 
ovary to near anterior margin of proglottid, slightly overlapping 
anterior margin of ovary, 1-2 irregular columns in dorso-ventral 
view (Fig. 72), 1 row deep in cross-section, degenerated in 
terminal mature proglottid; post-ovarian testes absent. Vasa 
efferentia not observed. Vas deferens extending laterally in 
proglottid from ootype to anterior margin of cirrus sac, enlarged 
to form external seminal vesicle in terminal mature proglottids in 
which testes are degenerated. External seminal vesicle extensive, 
saccate, extending more or less medially in proglottid from ootype 
to approximately half-way between anterior margin of cirrus sac 
and anterior margin of vitellaria. Internal seminal vesicle absent. 
Cirrus sac pyriform, slightly angled anteriorly, 29-42 (38 ± 6; 4) 
long by 55-65 (59 ± 4; 4) wide in maturing proglottids with testes, 
62-105 (84 ± 15; 7) long by 25-73 (52 ± 17; 7) wide in terminal 
mature proglottids in which testes are degenerated, containing 
coiled cirrus. Cirrus microtriches absent. Ovary H-shaped in 
dorso-ventral view, tetralobed in cross-section, 93-106 (98 ± 6; 4) 
long by 72-114 (95 ± 17; 4) wide in maturing proglottids with 
testes, 118-272 (202 ± 46; 7) long by 89-122 (100 ± 11; 7) wide in 
terminal mature proglottids in which testes are degenerated, 
slightly lobulated, symmetrical; ovarian bridge at middle of ovary. 
Mehlis' gland near posterior margin of ovary. Vagina extending 
laterally in mature proglottids with testes (more medially in 
terminal mature proglottids in which testes are degenerated) from 
ootype to genital atrium, opening into genital atrium posterior to 
cirrus sac. Genital pores lateral, irregularly alternating, 58-65% 
(62 ± 3; 4) of proglottid length from posterior end in mature 
proglottids with testes, 58-63% (61 ± 2; 7) in terminal mature 
proglottids in which testes are degenerated. Uterus saccate, 
extending medially in proglottid from ovarian bridge to level of 
anterior margin of vitellaria. Vitellaria follicular, medullary; 
arranged in 4 columns, 1 dorsal and 1 ventral column on lateral 
margin of proglottid, extending from anterior margin of ovary to 
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FIGURES 56-59. Line drawings of Rexapex nanus n. gen., n. sp. (56) Whole worm. (57) Scolex with apical organ everted. (58) Scolex with apical organ 
retracted. (59) Mature terminal proglottid. Arrows indicate level of cross-sections in Figures 69 and 71. 
near anterior margin of proglottid, slightly overlapping ovary, 9-
21 (13 ± 4; 3; 9) long by 9-29 (21 ± 6; 3; 9) wide in mature 
proglottids with testes, 11-29 (19 ± 5; 7; 21) long by 26-52 (39 ± 
8; 7; 21) wide in terminal mature proglottids in which testes are 
degenerated; post-ovarian vitelline follicles absent. Single pair of 
excretory ducts. Eggs not observed. 
Taxonomic summary 
Type host: Aetomylaeus vespertilio (Bleeker) (CM03-61), the 
ornate eagle ray (Myliobatiformes: Myliobatidae). 
Additional hosts: None. 
Site of infection: Spiral intestine. 
KOCH ET Al.-NEW GENERA AND SPECIES OF LECANICEPHALIDEANS 193 
FIGURES 60-68. Scanning electron micrographs of Rexapex nanus n. gen., n. sp. (60) Scolex and anterior strobila. (61) Scolex with apical organ 
everted. Small number indicates location of detail in Figure 65. (62) Scolex with apical organ retracted. Small numbers indicate location of detail in 
Figures 64 and 66. (63) Enlarged view of acetabulum. (64) Acetabular rim with trullate spinitriches and capiIIiform fiIitriches. (65) Anterior margin of 
apical modification of scolex proper with gladiate spinitriches forming band around base of everted apical organ. (66) Scolex proper with acicular 
fiIitriches. (67) Anterior proglottids with capiIIiform fiIitriches and small scolopate spinitriches along posterior margin. (68) Posterior proglottids with 
capilliform fiIitriches and small scolopate spinitriches along posterior margin. 
Type locality: Off Weipa (l2°40'S, 141 °52'E), Queensland, Gulf 
of Carpentaria, Australia. 
Specimens deposited: Holotype CQM No. G233495), 3 para-
types (QM Nos. G233496-233498); 5 paratypes (USNPC 
No. 104891); 4 paratypes (3 whole mounts and cross-section of 
I proglottid; LRP Nos. 7689-7693). Whole worm prepared for 
SEM retained in the personal collection of K. Jensen at the 
University of Kansas. 
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FIGURES 69-71. Rexapex nanus n, gen" n, sp, (69) Cross-section 
through mature proglottid anterior to genital pore, (70) Cross-section 
through maturing proglottid anterior to genital pore, showing 2 excretory 
ducts, (71) Cross-section through mature proglottid at level of ovary. 
Abbreviations: ED, excretory duct; ESV, external seminal vesicle; OV, 
ovary; T, testis; VT, vitelline follicle, 
Prevalence: Two of 5 host individuals examined (40%). 
Etymology: This species is named for its type locality, off 
Weipa, Queensland, Australia. 
Remarks 
This species is consistent with the generic diagnosis of 
Aberrapex in its lack of both an apical modification of the scolex 
proper and an apical organ and in its possession of an unarmed 
cirrus and of an external seminal vesicle that originates at the level 
of the ovary. Moreover, like the other species of Aberrapex, the 
vagina extends along the lateral margin of the proglottid in 
mature proglottids with testes, while in mature proglottids in 
which testes are degenerated, the vagina extends more medially in 
the proglottid. 
Currently, 3 species are recognized as valid in Aberrapex, i.e., 
Aberrapex senticosus Jensen, 200 I; Aberrapex arrhynchum 
(Brooks, Mayes, and Thorson 1981) Jensen, 2005; and Aberrapex 
manjajiae Jensen, 2006. Aberrapex weipaensis n. sp. differs from 
all 3 species in its smaller scolex (40-63 long by 62-79 wide vs. 
100-130 long by 125-170 wide, 177-186 long by 233-326 wide, 
and 82-10 1 long by 119-164 wide, respectively) and its lack of 
vitelline follicles posterior to the ovary; the other 3 species have 
vitellaria that extend posterior to the ovary. Aberrapex weipaen-
sis n. sp. can further be distinguished from A. senticosus in its 
possession of a smaller number of testes (10-17 vs. 20-40), a smaller 
cirrus sac in those proglottids in which testes have degenerated (37-
105 long by 25-88 wide vs. 127-182 long by 130-150 wide), and a 
shorter ovary in proglottids in which testes have degenerated (118-
272 vs. 335-444). Aberrapex weipaensis n. sp. further differs from 
A. arrhynchum in having fewer proglottids (21-28 vs. 43-48) and 
from A, manjajiae in having a genital pore located much more 
posteriorly (58-65% vs. 76-85%). 
Additional members of the lecanicephalidean fauna of the 
target Aetomylaeus species 
In the interest of promoting future work on the lecanicephali-
dean faunas of the 4 species of Aetomylaeus examined here, we note 
that the 3 new genera and 6 new species of lecanicephalideans 
treated above represent only a subset of the potentially new taxa 
encountered in these 4 host species over the course of this study. 
Although we concentrated on the cestode taxa for which sufficient 
high quality material was available for study, small numbers of 
specimens of the following taxa were also seen. Aetomylaeus 
vespertilio hosted as many as 6 new species of Tylocephalum, 2 new 
species of Polypocephalus, and 2 morphologically distinct entities 
that may represent new genera. Aetomylaeus maculatus hosted as 
many as 6 species of Tylocephalum, 2 species of Polypocephalus, 
and 1 species of Lecanicephalum, all of which may also be 
new. Aetomylaeus nichofii sensu stricto hosted what appears to 
be an additional new species of Elicilacunosus, 1 new species of 
Polypocephalus, and up to 2 species belonging to yet an addi-
tional new genus. Aetomylaeus cf. nichojii 2 also hosted 2 species 
belonging to the latter additional new genus. In total, these 
specimens represent as many as 25 new species and 3 new genera 
beyond those formally described here. It is anticipated that 
additional collections of these host species will provide the material 
required to allow formal description of these taxa. 
DISCUSSION 
The 3 new genera erected here appreciably expand the spectrum 
of morphological variation seen in lecanicephalideans. Collicoce-
phalus species demonstrate that the apical organ is not 
constrained to a configuration that is circular in cross-section; 
rather, it can be transversely extended. The enigmatic tandem 
series of depressions seen along the midline of the dorsal and 
ventral surfaces of the proglottids of Elicilacunosus species point 
to the existence of previously unknown attachment mechanisms, 
not merely in lecanicephalideans, but in eucestodes in general. 
The species of Rexapex provides a previously unseen variation on 
tentacle-like elaborations of the apical organ. 
FIGURES 72-74. Line drawings of Aberrapex weipaensis n. sp. (72) 
Whole worm. (73) Scolex. (74) Mature terminal proglottid. 
This work expands the confirmed hosts of lecanicephalideans 
to include Aetomylaeus. Although previously Shipley and 
Hornell (1906) described Tylocephalum dierama and Khambata 
and Bal (1953) described Discobothrium redacta and Discobo-
thrium quadrisurculi, all from A. maculatus from Sri Lanka and/ 
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FIGURES 75-80. Scanning electron micrographs of Aberrapex weipaen-
sis n. sp. (75) Whole worm. (76) Scolex. Small numbers indicate location 
of detail in Figures 77-79. (77) Distal acetabular surface with acicular and 
papilliform filitriches. (78) Apex of scolex proper with acicular fiIitriches. 
(79) Proximal acetabular surface with hastate spinitriches and acicular 
fiIitriches. (80) Subterminal proglottid with capiIIiform fiIitriches, becom-
ing shorter toward posterior proglottid margin. 
or India, Jensen (2005) found all 3 of these lecanicephalidean 
records to be problematic. In fact, she considered the former 
species to be a species inquirendum and the latter 2 species to be 
nomina nuda. As a consequence, the valid members of the 
lecanicephalidean fauna of Aetomylaeus are limited to the taxa 
reported herein. This myliobatiform genus is now known to be 
parasitized by 6 lecanicephalidean species representing 4 genera; 
all but Aberrapex are apparently unique to Aetomylaeus. With 
respect to these 4 genera, only Elicilacunosus was represented by 
more than a single species in Aetomylaeus. Each of the 6 
lecanicephalidean species was found to parasitize only a single 
species of Aetomylaeus. The new species of Aberrapex expands 
the host range of this genus beyond the dasyatid Taeniura (see 
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Jensen, 2006) and the myliobatid Myliobatis, to include a second 
myliobatid, Aetomylaeus. 
The cestode faunas of the closely related A. nichofii sensu 
stricto and A. cf. nichofii 2 appear to differ in membership and 
diversity from one another, with the fauna of the former species 
exceeding that of the latter species in both respects. Prior to the 
present study, 6 species, all tetraphyllideans, had been reported 
from A. nichofii sensu stricto in Borneo and India (see Table I), 
while records from eagle rays in Australia, thus likely re-
presenting A. cf. nichofii 2, were restricted to the single 
tetraphyllidean Acanthobothrium rhynchobatidis Subhapradha, 
1955, from Queensland, Australia (see Campbell and Beveridge, 
2002). Based on the work conducted here, which involved 
necropsy of a relatively similar number of animals of each 
species, i.e., 10 of A. nichofii sensu stricto and 7 of A. cf. nichofii 
2, 2 species of a new genus of lecanicephalidean have been 
formally added to the cestode fauna of A. nichofii sensu stricto. 
In addition, as noted above, this eagle ray species appears to 
host 4 lecanicephalidean species of 3 genera (l new) that have 
not yet been formally described. In contrast, no new species of 
lecanicephalideans are described here from A. cf. nichofii 2, and, 
with respect to novel, undescribed species, it appears to host 
potentially only 2. Of note, perhaps, is the fact that the spiral 
intestines of all 7 specimens of A. cf. nichofii 2 examined from 
northern Australia were each also parasitized by 1 to many large 
gnathostomid nematodes. However, such nematode infections 
were not seen in any of the 10 specimens of A. nichofii sensu 
stricto from Borneo. 
Overall, the present study revealed remarkable diversity in the 
lecanicephalidean faunas of 4 species of Aetomylaeus from 
Borneo and northern Australia. The number of formally 
recognized lecanicephalidean genera has now increased from 14 
to 17, and the number of formally described species in the order 
has risen from 89 to 95. These numbers do not include the 
potentially 25 additional new species and 3 novel genera not 
formally treated here. Among the 4 genera in its family, 
Aetomylaeus now ranks second only to Aetobatus in terms of 
the diversity of lecanicephalideans it hosts (see Table I). This 
work suggests that additional collections are likely to be 
particularly rewarding. Extrapolating from these results, we 
suspect that the remaining 2 species of eagle rays (A. milvus and 
A. cf. nichofii 1 of Naylor et al. 2012), both known from the 
waters of the Middle East, will likely be found to host yet more 
novel taxa. Examination of additional specimens from Australia 
and Borneo of the 4 host species necropsied here should facilitate 
description of the potentially 25 new species and 3 new genera 
encountered in the present study but not yet described. 
Furthermore, examination of the faunas of specimens of these 
4 eagle ray species from a wider spectrum of localities 
throughout their distributions may shed light on the generality 
of the faunal differences observed here. Finally, particularly 
valuable would be examination of the lecanicephalidean fauna of 
1, or both, of the species belonging to the fourth and final genus 
of myliobatid, Pteromylaeus. 
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PHOSPHOLIPASES AND CATIONIC PEPTIDES INHIBIT CRYPTOSPORIDIUM PARVUM 
SPOROZOITE INFECTIVITY BY PARASITICIDAL AND NON-PARASITICIDAL MECHANISMS 
Stephane Carryn*, Deborah A. Schaefer, Michaellmbodent, E. Jane Homant, Robert D. Bremelt, and Michael W. Riggs+ 
Department of Veterinary Science and Microbiology, Veterinary Science and Microbiology Building, Room 302, University of Arizona, Tucson, 
Arizona 85721. e-mail: mriggs@u.arizona.edu 
ABSTRACT: The apicomplexan parasite Cryptosporidium parvum is an important cause of diarrhea in humans and cattle, and it can 
persistently infect immunocompromised hosts, No consistently effective parasite-specific pharmaceuticals or immunotherapies for 
control of cryptosporidiosis are presently available. The innate immune system represents the first line of host defense against a range 
of infectious agents, including parasitic protozoa, Several types of antimicrobial peptides and proteins, collectively referred to herein as 
biocides, constitute a major effector component of this system, In the present study, we evaluated lactoferrin, lactoferrin hydrolysate, 5 
cationic peptides (lactoferricin B, cathelicidin LL37, indolicidin, ~-defensin I, ~-defensin 2), lysozyme, and 2 phospholipases 
(phospholipase A2, and phosphatidylinositol-specific phospholipase C) for anti-cryptosporidial activity. The biocides were evaluated 
either alone or in combination with 3E2, a monoclonal antibody (MAb) against C. parvum that inhibits sporozoite attachment and 
invasion. Sporozoite viability and infectivity were used as indices of anti-cryptosporidial activity in vitro. All biocides except lactoferrin 
had a significant effect on sporozoite viability and infectivity. Lactoferrin hydrolysate and each of the 5 cationic peptides were highly 
parasiticidal and strongly reduced sporozoite infectivity, While each phospholipase also had parasiticidal activity, it was significantly 
less than that of lactoferrin hydrolysate and each of the cationic peptides, However, each phospholipase reduced sporozoite infectivity 
comparably to that observed with lactoferrin hydrolysate and the cationic peptides. Moreover, when 3 of the cationic peptides 
(cathelicidin LL37, ~-defensin I, and ~-defensin 2) were individually combined with MAb 3E2, a significantly greater reduction of 
sporozoite infectivity was observed over that by 3E2 alone. In contrast, reduction of sporozoite infectivity by a combination of either 
phospholipase with MAb 3E2 was no greater than that by 3E2 alone, These collective observations suggest that cationic peptides and 
phospholipases neutralize C. parvum by mechanisms that are predominantly either parasiticidal or non-parasiticidal, respectively. 
The apicomplexan parasite Cryptosporidium parvum infects 
the intestinal tract of humans, cattle, and other agriculturally 
important animals, and it is a leading cause of diarrhea 
throughout the world (Fayer et aL, 1997; Tzipori and Widmer, 
2008; Wyatt et aL, 2010), In neonates, the elderly, and hosts 
having congenital or acquired immunodeficiencies, the disease 
may become chronic and life-threatening (Fayer et aL, 1997; 
Riggs, 2002), Dissemination to extraintestinal sites may occur in 
immunocompromised hosts and contribute to morbidity (Fayer 
et aL, 1997; Verdon et aL, 1997), While knowledge of the biology 
of C. parvum has advanced in recent years, there are presently no 
completely effective parasite-specific pharmaceuticals or immu-
notherapies for use against cryptosporidiosis in mammalian 
species. Nitazoxanide (Alinia®, Romark Laboratories, Tampa, 
Florida) was granted U,S, Food and Drug Administration 
approval in 2005 as the first drug for treating the infection in 
humans; however, C. parvum genomic analysis indicates that the 
parasite lacks a typical enzyme targeted by this drug, and its 
parasite-specific efficacy is thus unclear (Zhu, 2008), There are 
currently no approved or extralabel drugs having consistent 
efficacy in treating cryptosporidial diarrhea or preventing C. 
parvum oocyst shedding by cattle, Nitazoxanide, halofuginone, 
and paromomycin have been reported to have partial activity 
against C. parvum infection in ruminants (reviewed in Stockdale 
et aL, 2008; Wyatt et aL, 2010). Halofuginone (Halocur®, 
IntervetlSchering-Plough Animal Health Ltd., Milton Keynes, 
U.K.) has shown efficacy in decreasing oocyst excretion and 
diarrhea severity in calves and lambs; however, toxicity was 
reported in treated lambs, and the drug is not available in the 
United States (Wyatt et aL, 2010). Passive immunization with C. 
parvum-specific antibodies has demonstrated significant prophy-
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lactic or treatment efficacy in mouse models, immunocompro-
mised humans, and calves (Fayer et aL, 1989; Riggs, 1997,2002; 
Perryman et aL, 1999; McDonald, 2008). Nevertheless, there is 
consensus that a safe, consistently effective, parasite-specific 
treatment for cryptosporidiosis in humans and livestock is still 
urgently needed (Stockdale et aL, 2008; Zhu, 2008), 
Innate immunity is the first line of host defense against 
microbial infection. In mammals, this system includes comple-
ment, lysozyme, phospholipases, and a diverse group of peptides 
with antimicrobial activity (Ganz and Lehrer, 1994; Martin et aL, 
1995; Qu and Lehrer, 1998; Ganz, 2004). Antimicrobial peptides 
constitute a primitive immune defense mechanism and are found 
in a wide range of eukaryotic organisms, including humans, 
calves, plants, and insects (Lehrer and Ganz, 1999), It has been 
suggested that the mechanisms by which these molecules act on 
the membranes of bacteria, fungi, and protozoans may be similar, 
involving the formation of transmembrane ion-channel pores 
without requiring a specific target receptor (Wade et aL, 1990). 
Previous studies have shown that some innate immune system 
effector molecules have strong in vitro activity against bacteria 
and protozoa, including C. parvum (Tanaka et aL, 1995; Tarver 
et aL, 1998; Giacometti, Cirioni, Barchiesi et aL, 2000; Giaco-
metti, Cirioni, Del Prete et aL, 2000; Murdock and Matthews, 
2002; Giacometti et aL, 2003; McGwire et aL, 2003; Zaalouk et 
aL, 2004). In the present study, we selected the following panel of 
antimicrobial proteins and peptides, collectively referred to as 
biocides, to be evaluated as potential anti-cryptosporidial agents: 
lactoferrin (LF), lactoferrin pepsin-hydrolysate (LFH), lactoferri-
cin B (LFB, the presumed active peptide of lactoferrin), human 
cathelicidin LL37 (CAT), indolicidin (IND), 2 intestinal secreted 
defensins (human ~-defensin 1 [~Dl] and 2 [~D2D, lysozyme, bee 
venom phospholipase A2, and phosphatidylinositol-specific 
phospholipase C. Sporozoite viability and infectivity following 
incubation with individual biocides were assessed. To evaluate 
potential additive effects, selected biocides were also evaluated in 
combination with 3E2, a neutralizing monoclonal antibody 
(MAb) against C. parvum. MAb 3E2 targets the C. parvum apical 
200 THE JOURNAL OF PARASITOLOGY, VOL. 98, NO.1, FEBRUARY 2012 
complex and surface glycoprotein ligand CSL and inhibits 
sporozoite attachment and invasion without significant killing 
(Riggs et aI., 1997). 
MATERIALS AND METHODS 
Oocyst and sporozoite isolation 
The Iowa C. parvum isolate (Heine et aI., 1984) was used in all 
experiments. Oocysts were propagated in experimentally infected newborn 
C. parvum-free Holstein bull calves to obtain parasite material for study as 
previously described (Riggs et aI., 1989). Oocysts were isolated by sucrose 
density gradient centrifugation, stored in 2.5% (wtlvol) K2Cr207 (4 C) and 
used within 6 wk of isolation (Arrowood and Sterling, 1987). Immediately 
prior to excystation, oocysts were treated with hypochlorite (Riggs et aI., 
1989). In vitro excystation (37 C, 0.15% [wtlvol] taurocholate, 2 hr) of 
oocysts used for all experiments was >90%. Sporozoites were isolated 
from excysted oocyst preparations by passage through a polycarbonate 
filter (2.0-1Jlll pore size; Poretics, Livermore, California) and used 
immediately. 
Effect of biocides on sporozoite viability 
Bovine lactoferrin (LKT Labs Inc., St. Paul, Minnesota), bovine 
lactoferrin hydrolysate (produced as described by Murdock and Matthews 
[2002]), bovine lactoferricin B (amino acid 4-14 fragment of lactoferrin; 
Sigma, St. Louis, Missouri), human cathelicidin (LL37, Phoenix 
Pharmaceuticals, Burlingame, California), bovine indolicidin (Sigma), 
human l3-defensin 1 (peptides International, Louisville, Kentucky), human 
l3-defensin 2 (Peptides International), chicken lysozyme (Sigma), honey 
bee-venom phospholipase A2 (Sigma), and Bacillus cereus phosphatidy-
linositol-specific phospholipase C (Sigma) were evaluated in the present 
study. Sporozoite viability after incubation with biocides was assessed 
using fluorescein diacetate (FDA) and propidium iodide (PI) with 
modification (Arrowood et aI., 1991). In brief, freshly excysted sporozoites 
were incubated (15 min, 37 C) in minimal essential medium (MEM) 
containing individual biocides (10 lLg/ml), MAb 3E2 (10 lLg/mI), or in 
MEM alone (n = 3). A biocide concentration of 10 lLg/ml was selected 
based largely on studies by others evaluating the effects of various 
antimicrobial peptides on C. parvum viability at concentrations ranging 
from 10 to 100 lLg/mi (Giacometti, Cirioni, Del Prete et aI., 2000, 2003; 
Zaalouk et aI., 2004). Heat-killed (20 sec, 100 C) sporozoites were used as 
a control. FDA (8 lLg/ml final concentration) and PI (3 lLg/ml final 
concentration) were then added to the sporozoite preparations, incubated 
further (5 min, 21 C), and then examined by epifluorescence microscopy. 
A minimum of 100 sporozoites were examined for each preparation, 
and the percent viability was determined. Percent reduction of viability 
was calculated as ([MEM-treated sporozoite viability - biocide-treated 
sporozoite viability] -;. MEM treated sporozoite viability) X 100. The 
mean values for test and control preparations were examined for 
significant differences using Student's (-test. 
Effect of biocides alone or in combination with MAb 3E2 on 
sporozoite infectivity in vitro 
Caco-2 cells (human colonic adenocarcinoma, ATCC HTB37) were 
grown to -90% confluency in complete MEM (containing 10% heat-
inactivated fetal bovine serum, I % non-essential amino acids, 100 U 
penicillin/mI, and 100 ILg streptomycin/ml) on either glass coverslips or in 
clear-bottom, 96-well black plastic flourescence assay plates (Costar, 
Corning, New York) as previously described (Langer and Riggs, 1999; 
Langer et aI., 200 I). Purified sporozoites (2 x 105 in 50 ILl of MEM) were 
incubated (15 min, 37 C, 10% CO2) with MEM alone or MEM containing 
MAb 3E2 (10 lLg/ml), isotype-matched control MAb of irrelevant 
specificity (10 lLg/ml), or individual biocides (I lLg/mi or 10 lLg/mI) and 
then inoculated onto replicate monolayers (n = 5). After incubation (2 hr, 
37 C), the inoculation medium was aspirated, the monolayers were gently 
washed with complete MEM (3X), and then they were incubated with 
complete MEM. At 24-hr post-inoculation, monolayers were washed with 
PBS (3X), methanol-fixed, blocked (PBS containing 3.2% [wtlvol] fish 
gelatin and 1% [wtlvol] bovine serum albumin), and processed for 
immunofluorescence microscopy using MAb 3E2 and affinity-purified 
fluoresceinated goat anti-mouse IgG/M/A (Kirkegaard & Perry, 
Gaithersburg, Maryland) to detect intracellular stages (Schaefer et aI., 
2000). Coverslip cultures from each 10 lLg/ml-treated sporozoite prepa-
ration were systematically examined by the same investigator using 
epifluorescence microscopy to manually quantitate the number of 
intracellular stages per monolayer. For comparison, an automated 
quantitation method was developed and examined in parallel using 
monolayers grown in 96-well fluorescence assay plates that had been 
inoculated with either I lLg/mI- or 10 lLg/mI-treated sporozoite prepara-
tions (n = 5 replicate monolayers per preparation) and processed 
identically. Monolayers were examined using an epifluorescence micro-
scope equipped with an automated stage networked to a computer using 
Simple PCI software (Compix Inc. Imaging Systems, Hamamatsu 
Photonics Management Corporation, Sewickley, Pennsylvania). Twenty-
four predefined evenly spaced images spanning each well were captured 
and analyzed using breakpoints for fluorescence intensity to discriminate 
background from signal, size (area and diameter), and degree of 
roundedness to accurately quantify the number of intracellular stages 
per monolayer. Non-infected monolayers were processed and examined 
identically to assess background. Percent reduction of infection was 
calculated as ([# intracellular stages in monolayers inoculated with MEM-
treated sporozoites - # intracellular stages in monolayers inoculated with 
biocide- or MAb 3E2-treated sporozoites] -;. # intracellular stages in 
monolayers inoculated with MEM-treated sporozoites) X 100. Finally, to 
determine whether biocides or MAb 3E2 could non-specifically affect the 
permissiveness of Caco-2 cells to sporozoite infection, replicate monolay-
ers (n = 5) were incubated (2 hr, 37 C) with individual biocides or MAb 
3E2 (each at 10 lLg/ml in 50 ILl of MEM) or MEM alone, gently washed 
with MEM (5X), and then inoculated with purified, untreated sporozoites 
(2 X 105 in 50 ILl of MEM). Monolayers were subsequently incubated and 
processed for immunofluorescence microscopy identically as described for 
manual quantitation of intracellular stages. The mean values for test and 
control cultures in each of these assays were examined for significant 
differences using Student's (-test. 
Evaluation of biocides for host cell toxicity in vitro 
To determine potential toxicity to host cells, replicate (n = 3) Caco-2 
cell monolayers were grown in complete MEM as previously described 
. (Langer et aI., 2001), washed with phosphate-buffered saline (PBS), and 
then incubated (2 hr, 37 C) with individual biocides (10 lLg/mi or 100 lLg/mi 
in PBS) according to the manufacturer's instructions (CytoTox 96® Non-
Radioactive Cytotoxicity Assay Kit, Promega, Madison, Wisconsin). 
Control monolayers were incubated in parallel with PBS alone. Following 
incubation, lactate dehydrogenase (LDH) was measured in supernatant 
harvested from individual wells and monolayers lysed with 0.1 % Triton X-
100 according to the manufacturer's instructions to calculate cytotoxicity. 
Biocides were categorized as non-cytotoxic (up to 5% LDH release) or 
minimally cytotoxic (5-10% LDH release) (Promega; Hernandez et aI., 
2003). 
Effect of PLA2 on C. parvum infection in vivo 
Following observations that PLA2 significantly reduced sporozoite 
viability and infectivity and that it was non-cytotoxic to host cells in vitro, 
it was of interest to evaluate its effect on C. parvum infection in vivo. A 
neonatal mouse model was used for these studies as previously described 
(Riggs et aI., 1989; Schaefer et aI., 2000). In brief, 3 groups of 10, 8-day-old 
specific-pathogen-free ICR mice (Harlan Sprague-Dawley) were infected 
by gastric intubation with 5 X 104 oocysts (-50 times the 50% mouse 
infective dose). At 24-hr post-infection (PI), and every 12 hr thereafter, 
mice were treated with PLA2 in PBS (0.1 ml per treatment) at dosages of 
0.125 mg/kg/day or 1.25 mg/kg/day by gastric intubation for a total of 8 
treatments. For comparison, a group of 10, 8-day-old control mice was 
identically infected and treated with PBS alone. Mter being killed at 116-
118 hr (PI), the terminal jejunum, ileum, cecum, and colon were collected, 
coded, and examined histologically by the same investigator, without 
knowledge of treatment group, for C. parvum infection levels and any 
lesions suggestive of host toxicity. Scores of 0, 1,2, or 3 (0 = no infection; 
I = <33% of mucosa infected; 2 = 33 to 66% of mucosa infected; and 
3 = >66% of mucosa infected) were assigned to longitudinal sections 
representing the entire length of the (I) terminal jejunum, (2) ileum, (3) 
cecum, and (4) colon and then summed to obtain an infection score (0 
to 12) for each mouse (Riggs et aI., 1989; Schaefer et al., 2000). Mean 
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FIGURE 1. Effect of biocides on Cryptosporidium parvum sporozoite 
viability. *p < 0.0001 or < 0.05§ versus MEM. tP < 0.005 versus PLA2, 
PI-PLC. :j:P < 0.01 versus LFH, LFB, IND, ~Dl, ~D2. 
infection scores were analyzed by Student's t-test for significant 
differences. 
RESULTS 
Biocide reduction of sporozoite viability in vitro 
All 5 cationic peptides (LFB, CAT, IND, ~Dl, and ~D2) and 
LFH were highly parasiticidal, decreasing sporozoite viability by 
45 to 69% when compared to the MEM control (Fig. 1; P < 
0.0001). CAT was the most active biocide, reducing sporozoite 
viability by 69%. Both phospholipases had modest parasiticidal 
activity, decreasing sporozoite viability by 23-25%, but it was 
significantly less than that of LFH and each of the cationic 
peptides (Fig. 1; P < 0.005). L YZ had a small, but significant, 
effect in reducing sporozoite viability (13%, P < 0.05). LF was the 
only biocide that had no significant effect on sporozoite viability 
when compared to the MEM and 3E2 controls (Fig. 1). 
Biocide reduction of C. parvum sporozoite infectivity 
in vitro 
The effect of biocides on sporozoite infectivity was evaluated 
using Caco-2 host cells seeded onto coverslips or 96-well plates 
and inoculated with treated or control sporozoites. Coverslips 
were mounted on slides, and intracellular stages were counted 
visually by epifluorescence microscopy. In parallel, intracellular 
stages in 96-well plates were counted using an automated 
epifluorescence microscopy system programmed for computerized 
image capture and quantitation. With the exception of LFB- and 
IND-treated preparations, there were no significant differences 
between manual and automated counting methods for determin-
ing mean percent reduction of infection values (Fig. 2; P < 0.05). 
Subsequent experiments were, therefore, performed using the less-
labor-intensive automated counting system. Based on observa-
tions that all 6 of the peptide biocides reduced sporozoite viability 
by 45-69%, and 3 of the enzyme biocides reduced viability by 13-
25% at 10 J.1g/ml, a lower biocide concentration (1 J.1g/ml) was 
included in sporozoite infectivity experiments to evaluate any 
dose-dependent effects. 
Similar to their effects on sporozoite viability, all 5 cationic 
peptides (LFB, CAT, IND, ~Dl, and ~D2) and LFH had a high 
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FIGURE 2. Effect of biocides on C. parvum sporozoite infectivity for 
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ml C-), manual quantitation. P < 0.005* or < 0.05t versus MEM. :j:P < 
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level of inhibitory activity on sporozoite infectivity in vitro, 
significantly decreasing infection by 47 to 75% when compared to 
the MEM control (Fig. 2; P < 0.005). CAT was the only biocide 
that showed a significant dose-dependent effect on sporozoite 
infectivity when the concentration was increased from 1 J.1g/ml to 
10 J.1g/ml (Fig. 2; P < 0.05). Unlike their modest effect on 
sporozoite viability, both phospholipases strongly inhibited 
sporozoite infectivity in vitro, reducing infection by 63 to 65% 
(Fig. 2; P < 0.005). L YZ had a modest effect on sporozoite 
infectivity, reducing infection by 27% (Fig. 2; P < 0.05). LF was 
the only biocide that had no significant effect on sporozoite 
infectivity, paralleling its lack of activity on sporozoite viability 
(Fig. 2). To determine if the reductions in infectivity observed 
were due to possible biocide toxicity for host cells, LDH release 
was measured. LF, CAT, IND, and ~D2 caused a significant 
release of LDH from Caco-2 cells when compared to the PBS 
control (Table I; P < 0.05), and they were categorized as 
minimally cytotoxic at 10 J.1g/ml (LF) or 100 J.1g/ml (CAT, IND, 
~D2). IND (100 J.1g/ml) was the only biocide approaching the 
generally accepted exclusion breakpoint of 10% LDH release for 
host cytotoxicity (Hernandez et aI., 2003). To assess whether 
biocides or MAb 3E2 could non-specifically affect the permis-
siveness of Caco-2 cells to sporozoite infection, monolayers were 
incubated with each biocide or 3E2 and then washed prior to 
inoculation with untreated sporozoites. None of the biocides or 
MAb 3E2 decreased the permissiveness of Caco-2 cells to 
infection with sporozoites when compared to the MEM control 
(data not shown). 
Biocides in combination with MAb 3E2 differentially reduce 
C. parvum sporozoite infectivity in vitro 
Based on their ability to reduce sporozoite infectivity in vitro, 
CAT, IND, ~Dl, ~D2, LYZ, PLA2, and PI-PLC were 
individually combined with MAb 3E2 to evaluate potential 
additive effects. MAb 3E2 alone significantly reduced the 
infectivity of C. parvum sporozoites by 70% (Fig. 3; P < 0.05) 
when compared to the MEM control. When CAT, ~Dl, ~D2, or 
L YZ was combined with 3E2, reduction in infection was 
significantly greater than that by the individual biocides alone 
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TABLE 1. Biocide cytotoxicity for Caco-2 cells. 
% LDH release" 
Treatment 10 Ilg/ml IOOIlg/ml 
3E2 0.7 ± 1.1 ndt 
LF 5.9 ± 1.2t 5.8 ± 3.lt 
LFH 2.6 ± 3.5 0.7 ± 2.1 
LFB 3.7 ± 2.3 2.6 ± 2.0 
CAT 1.6 ± 0.3t 5.6 ± 0.9t 
IND 0.9 ± 0.7 8.3 ± 3.5t 
PDl 0.8 ± 1.0 2.3 ± 2.1 
PD2 -0.9 ± 0.5 5.3 ± 1.5t 
LYZ nd -1.9 ± 1.3 
PLA2 nd 0.7 ± 0.7 
PI-PLC nd -1.4 ± 0.9 
• Supernatant LDH .,. (supernatant + lysed monolayer LDH) X 100. 
t Not determined. 
t p < 0.05, % LDH release in biocide supernatant versus PBS control supernatant. 
(Fig. 3; P < 0.0001). Reduction in infection was also significantly 
greater by a combination of CAT, ~Dl, or ~D2 with MAb 3E2 
compared to 3E2 alone (Fig. 3; P < 0.001). In contrast, reduction 
in infection by a combination of either of the phospholipases with 
MAb 3E2 was not significantly greater compared to 3E2 alone 
(Fig. 3). There was also no significant difference in reduction of 
viability when sporozoites were incubated with individual biocides 
alone compared to biocides in combination with MAb 3E2 (data 
not shown). 
Orally administered PLA2 significantly reduces C. parvum 
infection in mice 
Intestinal infection scores were significantly (P < 0.0001) lower 
in C. parvum-infected mice treated with PLA2 at 0.125 mg/kg/day 
(5.0 ± 1.3) or 1.25 mg/kg/day (4.3 ± 1.0), compared to mice 
treated with PBS alone (8.0 ± 1.2). No significant dose-dependent 
therapeutic effect was observed at the PLA2 dosages evaluated. 
There were no histologic changes suggestive of toxicity in 
intestinal mucosa in any mice of either treatment group. 
DISCUSSION 
Membrane active molecules, including cationic peptides and 
phospholipases, are important components of the innate immune 
system of animals, plants, and insects (Hancock and Chapple, 
1999; Lehrer and Ganz, 1999; Ganz, 2004; Wehkamp et ai., 2007; 
Pelegrini et ai., 2009). Their spectrum of antimicrobial activity is 
broad, targeting bacteria (Murdock and Matthews, 2002; Zaiou 
et ai., 2003; Kanthawong et ai., 2010), fungi (Danesi et ai., 2002; 
Takakura et ai., 2003), and parasitic protozoans, including C. 
parvum (Arrowood et ai., 1991; Giacometti, Cirioni, Barchiesi 
et ai., 2000; Giacometti, Cirioni, Del Prete et ai., 2000; Giacometti 
et ai., 2003; Zaalouk et ai., 2004), Plasmodiumfalciparum (Dagan 
et ai., 2002), Trypanosoma spp. (Jacobs et ai., 2003; McGwire 
et ai., 2003), and Toxoplasma gondii (Tanaka et ai., 1995). These 
molecules could, therefore, provide a potentially useful therapeu-
tic approach for treatment of infectious diseases caused by 
prokaryotic and eukaryotic pathogens, using rational design to 
avoid any significant non-specific toxicity to host cells, as has 
been reported for P. falciparum (Dagan et ai., 2002). 
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on C. parvum sporozoite infectivity for Caco-2 cells. * P < 0.05 versus 
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biocide alone. 
In the present study, 8 antimicrobial proteins and peptides 
and 2 phospholipases, collectively referred to as biocides, were 
evaluated for in vitro activity against C. parvum sporozoites. 
Following incubation of sporozoites with individual biocides, 
viability and infectivity assays were performed. In addition, the 
therapeutic efficacy against C. parvum infection in mice was 
determined for the PLA2 biocide. The results indicate that cationic 
peptides, phospholipases, and lysozyme are effective in neutraliza-
tion of C. parvum sporozoites in vitro. Moreover, the biocides had 
minimal cytotoxicity to Caco-2 host cells and did not decrease their 
permissiveness to infection, supporting the conclusion that the 
observed effects on sporozoite viability and infectivity are direct 
and parasite-specific. 
All cationic peptides (LFB, CAT-LL37, IND, ~DI, and ~D2) 
and lactoferrin hydrolysate markedly reduced both sporozoite 
viability and infectivity in the present study. Cationic peptides, 
including those we evaluated, are thought to insert into parasite 
membranes and form transmembrane pores leading to death via 
loss of osmoregulation (Hancock and Chapple, 1999; Giacometti, 
Cirioni, Barchiesi et ai., 2000; Cunliffe and Mahida, 2004). ~­
defensins are secreted by enterocytes directly into the intestinal 
lumen at the site of infection and are up-regulated during C. 
parvum infection (Cunliffe and Mahida, 2004). Accurate compar-
isons between the effects of biocides on sporozoite viability and 
infectivity in the present study and those reported in other studies 
are difficult to make due to variations in experimental design, 
methodology, specific assay parameters, and differences in the C. 
parvum isolates used. Nevertheless, results of the present study are 
generally consistent with observations by others reporting the 
wide spectrum of activity of these and other biocides. For 
example, 4 additional synthetic peptides derived from the diverse 
cathelicidin family, but having only weak or no sequence 
homology to the cathelicidin peptide LL37 we evaluated, have 
been shown to significantly reduce the viability of C. parvum 
sporozoites, leading to a reduction in their infectivity in vitro 
(Giacometti et ai., 2003). Indolicidin has been shown to 
significantly reduce C. parvum growth in human pulmonary 
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adenocarcinoma cell cultures that were infected 4 hr prior to 
treatment (12.2% reduction at 9.51lg/ml; 38.5% reduction at 951lg/ 
m!) (Giacometti, Cirioni, Barchiesi et al., 2000). Our results 
demonstrate that reduction of infectivity by this cationic peptide 
is due principally to its effect on sporozoite viability, and that its 
parasiticidal activity is greatest on extracellular stages. Incubation 
with either recombinant human ~Dl or ~D2 (40 Ilg/ml, 60 min) 
has been previously shown to significantly reduce C. parvum 
sporozoite viability and infectivity for murine rectal adenocarci-
noma cells (Zaalouk et al., 2004) to levels similar to those 
observed in the present study using lower concentrations and 
a shorter incubation period. While lactoferrin had no effect 
on either viability or infectivity of C. parvum sporozoites, its 
derivatives, LFH and the cationic peptide LFB, both reduced 
sporozoite viability and infectivity. Similarly, in studies with the 
related protozoan parasite T. gondii (Tanaka et al., 1995), 
incubation with bovine LFB (100 Ilg/ml, 60 min) significantly 
reduced parasite viability and infectivity to levels similar to those 
observed in the present study with C. parvum using lower 
concentrations and a shorter incubation period. 
Lysozyme targets peptidoglycans in bacterial cell walls, 
effectively causing disruption of the cell (Ganz, 2004). Because 
previous research has shown that C. parvum contains multiple 
surface glycoproteins, including those having terminal N-acet-
ylglucosamine residues (Kuhls et al., 1991; Riggs, 2002), lysozyme 
was evaluated in the present study. The results showed significant, 
but minimal, effects on sporozoite viability and infectivity by 
lysozyme. 
Secretory PLA2 hydrolyzes phospholipids in cell membranes, 
including phosphatidylglycerol and phosphatidy1choline (Qu 
and Lehrer, 1998). Phosphatidylcholine is the predominant 
membrane phospholipid found in C. parvum (Mitschler et al., 
1994); therefore, PLA2 was selected for evaluation in the present 
study. PI-PLC can cleave non-acylated glycosylphosphatidylino-
sitol (GPI)-anchored proteins from cell membranes of parasitic 
protozoa (Priest et al., 2003). Several proteins important in C. 
parvum-host cell interactions have been shown, or hypothesized, 
to be GPI-anchored (Priest et al., 2003; Zhu, 2008). Because 
cleavage of these proteins could potentially decrease infectivity, 
PI-PLC was also evaluated in the present study. Both phospho-
lipases decreased viability of sporozoites only modestly; however, 
they strongly reduced sporozoite infectivity. We speculate that 
perturbation of the phospholipid-rich sporozoite pellicle, or 
surface-exposed proteins, or both, involved in attachment and 
invasion by phospholipases could account for the strong 
reduction of infectivity observed. When evaluated in vivo, orally 
administered PLA2 also had a pronounced inhibitory effect on C. 
parvum infection in mice, with no histopathologic evidence of 
enteric toxicity. 
The additive effect on reduction of sporozoite infectivity 
observed when CAT, ~Dl, or ~D2 were combined with MAb 
3E2, compared to 3E2 alone, or the individual cationic peptides 
alone, was not unexpected since these biocides and MAb 3E2 act 
by different mechanisms and on divergent targets. 3E2 binds to 
the CSL glycoprotein ligand of C. parvum sporozoites and inhibits 
their attachment to, and invasion of, host cells, but it does not 
affect sporozoite viability (Riggs et al., 1997; Langer and Riggs, 
1999; Langer et al., 2001). The parasiticidal activity of cationic 
peptides is thought to result from formation of transmembrane 
pores leading to lethal osmoregulatory dysfunction (Hancock and 
Chapple, 1999). In contrast, reduction of sporozoite infectivity by 
a combination of either phospholipase with 3E2 was no greater 
than that by 3E2 alone, and only marginally greater compared 
to either biocide alone. These observations suggest that the 
phospholipases and 3E2 may act on the same sporozoite target 
molecule(s). One possible explanation is that posterior transloca-
tion and release of the CSL glycoprotein when bound by 3E2 
(Riggs et al., 1997) could be affected by phospholipases, negating 
any additive effect of the combinations when compared to 3E2 
alone. 
In conclusion, we have shown that cationic peptides and 
phospholipases have potential for use as anti-cryptosporidial 
agents, either alone or in combination with neutralizing MAbs 
against C. parvum. By determining direct effects of these biocides 
on sporozoite viability as well as their effects on infectivity, the 
results suggest that neutralization of C. parvum by cationic 
peptides and lactoferrin hydrolysate is largely by parasiticidal 
mechanisms, whereas neutralization by phospholipases is largely 
by non-parasiticidal mechanisms. These observations indicate 
that assessment of both parasite viability and infectivity is 
important to accurately identify potential anti-cryptosporidial 
agents. Results of the present study will help establish the 
foundation for more extensive in vivo testing of combinatorial 
treatments, the first of which has recently been reported (Imboden 
et al., 2010). 
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ABSTRACT: We conducted cross-sectional surveys of parasites infecting a 
large free-living colony of baboons at the Southwest National Primate 
Research Center in San Antonio in October 2003 and April 2004, 
immediately before, and 6 mo after, treatment with ivermectin. Trichuris 
sp. was the predominant species present, infecting 79 and 69% of 
individual animals in the 2 surveys, with fecal egg counts (FEC) of up to 
60,200 eggs per g (epg) (mean = 1,235 in October 2003 and 1,256 in April 
2004). Prevalence remained fairly stable across age groups, and intensity 
was highest in animals < I or > 15 yr old, in contrast to patterns observed 
in humans, where school-age children show the heaviest infections. 
Strongyloides sp. was also identified, but the species identity remains 
uncertain. Small subunit ribosomal DNA sequences differed from 
published sequences of Strongyloides fuelleborni at multiple sites, but 
resided in a monophyletic group with other Strongyloides species with 92% 
bootstrap support. This may reflect a recent acquisition from a local host, 
or that the published sequence of S. fuelleborni is incorrect. Widespread 
infections with 2 nematode genera in a free-ranging baboon colony that 
are an important source of morbidity in human populations provide a 
useful model system for work on the epidemiology, control, pathology, 
and genetics of these parasites in a host species that is physiologically, 
immunologically, and genetically similar to humans. 
In 2003-2004, there were approximately 3,800 baboons housed in the 
Southwest National Primate Research Center (SNPRC) colonies at the 
Texas Biomedical Research Institute. Of these, -1,200 free-range animals 
were maintained in 2 large (6 acre) corrals. One of these corrals containing 
approximately 700 animals was the focus of the present study. Baboons in 
the SNPRC colonies are naturally infected with species of Trichuris and 
Strongyloides, representing 2 of the 6 major genera of intestinal nematodes 
that infect humans. This study was designed to investigate the prevalence 
and intensity of Trichuris sp. and identity of Strongyloides sp. infecting 
these animals. 
Animals are captured semiannually for TB testing and are closely 
monitored, so the age of animals is known. During these roundups, 
animals are injected with 1% ivermectin (Merial, Duluth, Georgia) 
according to the following regimen: 0.15 ml for animals 0-5 kg, 0.45 ml 
for animals 5-15 kg, 0.75 ml for animals 15-25 kg, and I ml for animals 
>25 kg. Fecal samples were collected (by fecal loop) prior to treatment 
during these semiannual roundups in October 2003 and April 2004. 
Trichuris sp. fecal egg counts (FEC) were measured with the use of a 
modification of the Kato-Katz method (World Health Organization 
[WHO], 1994), in which fecal material was weighed, placed on slides, and 
all eggs present were counted to estimate epg of feces. This approach was 
used as it provides more accurate measures of fecal mass than the 
templates used in human studies, and because very limited amounts 
«10 mg) of fecal material were available from many animals. We used 
Harada-Mori fecal cultures to detect Strongyloides sp. larvae in the 
October 2003 survey when sufficient fecal material was available after 
making Kato-Katz slides. 
Sufficient fecal material for FEC was sampled from 283 animals in 
October 2003 and 359 in April 2004. We found high levels of Trichuris sp. 
infection, with 79% of animals egg positive in the first survey and 69% in 
April 2004. The mean epg was 1,235 in October 2003 and 1,256 in April 
2004. Under WHO categorization for human infections, 54% had light (1-
999 epg) infections, 22% were moderate (1,000-9,999 epg), and 3% had 
heavy infections (> 10,000 epg) in October 2003. Equivalent figures for 
April 2004 were 47% light, 20% moderate, and 3% heavy. Egg counts were 
overdispersed, as observed in many helminth infections (Anderson and 
DOl: lO.1645/GE-2493.1 
May, 1985) (Fig. I). The most heavily infected 20% of the animals 
accounted for 81 % of all eggs excreted in October 2003 and 87% of eggs in 
April 2004. The sex ratio of baboons in the corral was strongly biased 
towards females in the older age classes. There were 9 males and 227 
females >4 yr old in October 2003, and 15 males and 259 females greater 
than 4 yr old in April 2004. However, for animals <4 yr old, where both 
males and females were represented, no relationship with host gender was 
observed for epg (Mann-Whitney U-test, Z = -0.94, P = 0.35 in October 
2003 and Z = -1.19, P = 0.24 in April 2004). 
In human populations, Trichuris trichiura exhibit strongly age-
dependent infection patterns, with the highest intensity of infection 
observed in school-age children (5-9 yr old). Typical patterns are 
illustrated with the use of published data from a Guatemalan population 
(Anderson et aI., 1993) (Fig. 1, inset). Patterns of prevalence and intensity 
in baboons are rather different. The highest epg were observed in baboons 
that were < I or > 15 yr old in both surveys and differences in epg between 
age classes were highly significant (Kruskall-Wallis test, H = 30.9, P < 
0.0001 for October 2003 and H = 38.3, P < 0.0001 for April 2004). Given 
that adult animals produce a greater mass of fecal material per day and 
have higher mean infection intensities, old animals are the major 
contributors to T. trichiura transmission in these colonies. This contrasts 
with human populations where school-age children make the largest 
contribution to transmission (Haswell-Elkins et al., 1987). The reasons 
that underlie these differences may relate to exposure patterns or there 
may be differences in acquired immunity to T. trichiura in baboon and 
human popUlations. A cross-sectional survey of parasitism in 5 olive 
baboon troops in Gombe, Uganda, showed an even age-prevalence 
relationship similar to that observed in this study (Muller-Graf et aI., 
1996). Young and old baboons did not show elevated intensity of infection 
in the Gombe baboons. 
In human studies, pre- and posttreatment worm burdens are often 
correlated, indicating predisposition (Bundy et aI., 1987; Haswell-Elkins 
et aI., 1987). We found strong correlations between Trichuris sp. epg in 
individual baboons sampled during the 2 cross-sectional surveys, before, 
and after, ivermectin treatment (n = 144, Kendal rank correlation, T = 
0.216, P < 0.0001). This may be explained in part by inefficient drug 
treatment and does not provide strong evidence for predisposition in this 
case. Epg was measured in 5 animals 3 wk after treatment with ivermectin. 
One animal was egg negative, 2 had decreased egg counts, and 2 had 
increased egg counts. Hence, single-dose drug treatment shows poor 
efficacy in these animals, consistent with results from humans (Beach et 
aI., 1999; Belizario et al., 2003). We suggest that further evaluation of the 
efficacy of single-dose ivermectin treatment is warranted for use in primate 
colonies. 
Larval Strongyloides sp. were recovered from just 1.3% (3/236) of 
Harada-Mori cultures from the October 2003 survey. This figure is likely 
to be a gross underestimate of Strongyloides sp. prevalence in this colony, 
because animals were sampled a single time, and limited amounts of fecal 
material (often <10 mg) were available from fecal loop sampling. In 
preliminary work, prior to the present surveys, I g of feces was collected 
from animals that were hospitalized because of injuries. In these animals, 
Strongyloides sp. was detected in fecal cultures from 4 of 5 animals, 
suggesting high infection levels in the colony. The Harada-Mori methods 
used in the present survey were inefficient because of the limited amount 
of fecal material available for culture. 
Intact eggs were found in the feces of baboons infected with 
Strongyloides sp. in the hospitalized animals, which is consistent with S. 
fuelleborni infections (Olsen et aI., 2009). We amplified and sequenced 
1,150 base pairs (bp) of the 18s rDNA to compare cultured larvae from 
SNPRC baboons with existing published Strongyloides sp. GenBank 
sequences. Two worms were sequenced from SNPRC baboon cultures; 
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FIGURE 1. Epidemiology of Trichuris sp. in the baboon colony. (A) 
Age prevalence and (B) age intensity profiles in October 2003 (open 
circles, dashed lines, n = 283) and April 2004 (filled circles, solid lines, n = 
359). Mean intensities include those from egg-negative animals. The insets 
show comparable profiles from a human population in Guatemala 
(Anderson et aI., 1993). (C) The frequency distribution of infection 
intensity (epg) in the baboon colony. 
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FIGURE 2. Multiple sequence alignment of Southwest National 
Primate Research Center Strongyloides (SNPRC Str.) with 2 Strongyloides 
stercoralis sequences (GenBank AF279916 and AJ407023). The asterisks 
mark similarity. Accession number for the Strongyloides sp. from SNPRC 
is HM026569. 
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FIGURE 3. Phylogeny of Strongyloides spp. showing position of the 
species infecting baboons. We constructed a maximum-likelihood tree 
bootstrapped 1,000 times over 366 characters. This tree includes all the 
taxa included in Dorris et al. (2002), and the full alignment based on that 
of Dorris et al. (2002) is shown in Figure SI. Numbers at major nodes are 
bootstrap support (bootstrap <40% not shown). The nematode infecting 
baboons in the Southwest National Primate Research Center in San 
Antonio (gray font) is distinct from published sequences from Strongy-
loides fuelleborni, and is monophyletic with other Strongyloides sp. with 
92% bootstrap support. 
I exhibited morphology characteristic of a free-living generation, whereas 
the second was characteristic of the parasitic form (Olsen et aI., 2009). 
Primers for PCR were SSUA (5'AAAGATTAAGCCATGCATG) and 
SSU18P (5'TGATCCWKCYGCAGGTTCAC); an additional sequencing 
primer was used SSU22R (5'GCCTGCTGCCTTCCTTGA). All primers 
were designed following Dorris et al. (2002). Sequences from both 
nematodes were identical (GenBank accession number HM026569). The 
full-length sequence obtained differed from Strongyloides stercoralis at 25 
positions; 3 indel polymorphisms were present (Fig. 2). We aligned our 
sequence data with the conserved 366-bp region used in previous work on 
Strongyloides species and related nematodes (Dorris et aI., 2002) with the 
use of the software Muscle (Edgar, 2004; supplementary material, Fig. SI). 
Prior to phylogenetic analysis, the best-fit nucleotide substitution model 
was determined with the use of jModeltest v 0.1.1 (Posada, 2008). The 
substitution model was chosen using the Akaike information criterion 
corrected for small samples. The general time reversible model (GTR; 
Tavare, 1986), with a gamma correction for among-site rate heterogeneity 
(GTR + r), and a shape parameter IX = 0.7200 had the highest probability. 
These settings were used in a maximum-likelihood (ML) phylogenetic 
inference, and the resulting phylogram was bootstrapped 1,000 times to 
evaluate the statistical support for interior nodes (Fig. 3.) Phylogenetic 
inference and bootstrapping were carried out with the use of PAUP v 4.0 
(Sinauer Associates, Inc., Sunderland, Massachusetts), and trees were 
constructed with the use of Treeview (Page, 1996). 
Although published sequences for S. stercoralis and S. fuelleborni were 
identical for the 366-bp sequence examined, they differed from the 
Strongyloides sp. from SNPRC baboons at 5 nucleotide sites; however, the 
SNPRC worms resided in a monophyletic group with other Strongyloides 
species, and this group had 92% statistical support in bootstrap 
resampling (Fig. 3.). The SNPRC worms also differed from S. stercoralis 
and S. fuelleborni at an indel within the E9-2 stem loop of the small 
subunit rRNA that distinguishes the "stercoralis" and "cebus" clades 
within Strongyloides genus (Dorris et aI., 2002). Hence, the SNPRC 
Strongyloides sp. is divergent from published S. fuelleborni sequences. 
There are 2 possible explanations for the results obtained. First, the 
nematode infecting SNPRC baboons may be unrelated to S. fuelleborni 
and acquired from a local source. Such cross-species transfer events are 
not unprecedented; e.g., in Papua New Guinea, people are infected with a 
Strongyloides species (S. fuelleborni kelly!) that is morphologically distinct 
from either S. stercoralis or S. fuelleborni (Smith et aI., 1991). Ribosomal 
sequences from S. f kellyi are identical to those from Strongyloides 
papillosus, which parasitizes a wide range of domestic animals, suggesting 
a zoonotic source for S. f kellyi in Papua New Guinea. Second, the 
published sequences of S. fuelleborni may be incorrect. The sequences 
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S. fuelleborni used for phylogenetic analysis (Dorris et aI., 2002) were 
obtained from formalin-fixed archived material, and it is conceivable that 
the sample was mislabeled. We suggest that further specimens of 
Strongyloides species should be sequenced from both wild and captive 
baboons to differentiate between these 2 explanations and to clarify the 
relationships within species of Strongyloides. 
Species of both Trichuris and Strongyloides are important parasitic 
helminths of humans. Trichuris trichiura infects an estimated I billion 
people worldwide, causing morbidity in 220 million people and an 
estimated 10,000 deaths per year (Savioli and Albonico, 2004). Severe 
infections are responsible for a range of pathology, including colitis, 
growth stunting, and, in severe cases, a dysentery-like syndrome and rectal 
prolapse (Cooper et aI., 1990, 1995). Medical interest in T. trichiura also 
stems from this parasite's use as a treatment for Crohn's disease (Summers 
et aI., 2003). Stronglyoides spp. infect an estimated 100--200 million 
individuals, causing diarrhea, and is a particular problem in immuno-
compromised patients where the parasite may invade the tissues. 
Strongyloides stercoralis is the principal species infecting humans, 
although infections with a primate parasite (s. fuelleborni fuelleborm) 
have been recorded in Africa (Hira and Patel, 1980), and infection with S. 
fuelleborni kellyi occurs in the Papua New Guinea (Smith et aI., 1991). 
Mice and pigs are the model systems of choice for work on Trichuris spp. 
(Boes and Helwigh, 2000). Mice have many advantages as experimental 
animals, and are ideal for some research questions. However, their distant 
relationship from humans and differing physiology severely limits the 
utility of mouse models for understanding human infections. The use of 
pigs stems from the importance of Trichuris suis in swine production 
systems, and similar criticisms apply. For Strongyloides spp., insights on 
many aspects of the complex life cycle and basic biology have come from 
Strongyloides ratti infection in rats (Harvey et aI., 2000), whereas the 
human parasite S. stercoralis has been studied extensively within a dog 
model system (Mansfield and Schad, 1992). Again, however, the 
physiological and phylogenetic distance between dogs and humans make 
this system less than ideal as a model for many aspects of human infection. 
A baboon model for studying both Trichuris sp. and Strongyloides sp. 
would be useful for a number of reasons. First, the parasites infecting 
baboons are closely related, or identical, to those infecting humans. 
Second, baboon immune systems are closely comparable to our own, 
having the full complement of IgG subclasses (Hefty et aI., 2002). Finally, 
the baboon genome organization is similar to our own and genetic maps 
are contiguous (Rogers et al. 2000). 
We thank Peter Nejsum and 3 anonymous referees for helpful 
comments on the manuscript and the staff of the Southwest National 
Primate Research Center for assistance. 
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ABSTRACT: There is a lack of information concerning the prevalence of 
Toxoplasma gondii infection in dogs from southwestern China. In the 
present study, serum samples from 314 household dogs were collected 
from Wenchuan, Heishui, and Jiuzhaigou in Sichuan Province, south-
western China, in May and June 201; sera were assayed for T. gondii 
antibodies using an indirect haemagglutination test (IHA). Antibodies to 
T. gondii were found in 11 of314 (3.5%), with IHA titers of 1:64 in 4 dogs, 
1:128 in 3, 1:256 in 2, 1:512 in I, and 1:1024 in 1. No regional difference 
was observed among the 3 counties (P > 0.05). The results of the present 
study indicated that infection with T. gondii in dogs is common in China, 
including household dogs in Sichuan Province, and should be of public 
health concern. 
Toxoplasma gondii infection is widespread in animals and humans in the 
world. Domestic cats and other felids are the definitive hosts for the 
parasite, and almost all animals, including dogs and humans, are 
intermediate hosts. Humans can be infected by ingesting raw, or 
undercooked meat, with tissue cysts, and by consuming food or drink 
water contaminated with oocysts. Toxoplasma gondii infection is serious in 
young dogs, especially in those co-infected with canine distemper. Dogs 
are also known to be involved in the mechanical transmission of T. gondii 
oocysts to humans, via shed parasites in their saliva. In regions where dogs 
are used as food animals, the consumption of undercooked meat from 
infected dogs can result in transmission to humans (Ali et aI., 2003; 
Dubey, 2009). Therefore, the infected dogs pose a health problem for 
humans. 
There are many reports on the prevalence of T. gondii infection in dogs 
from various countries (Hejlicek et aI., 1995; Canon-Franco et aI., 2004; 
Wanha et aI., 2005; Lopes et aI., 2011). In recent years, studies of T. gondii 
infection in dogs have been undertaken in different regions of China, 
including Inner Mongolia, Lanzhou, Guangzhou, and Shanghai. The 
objectives of the present study were to investigate seroprevalence of T. 
gondii infection in household dogs in Sichuan Province, southwestern 
China, and summarize seroprevalence of T. gondii infection in dogs in 
China. 
The study was carried out in Wenchuan County (300 45'-31°43'N, 
102°51' -103°44'E), Heishui County (31 °35' -32°38'N, 102°35' -103°30'E), 
and Jiuzhaigou County (32°53'-33°32"N, 103°27'-104°26'E), located in 
the mountainous area of western Sichuan Province, southwestern China. 
Wenchuan County has an annual mean temperature of 13.5-14.1 C, with a 
mean annual rainfall of 529-1,332 mm and a mean altitude of 1,325 m 
above sea level. Heishui County has an annual mean temperature of9.5 C, 
with a mean annual rainfall of 620 mm and a mean altitude of 3,544 m 
above sea level. Jiuzhaigou County has an annual mean temperature of 
7.3 C, with 1 mean annual rainfall of 700--800 mm and a mean altitude of 
1,140--2,000 m above sea level. 
The protocol for sampling was reviewed and approved by the Animal 
Ethics Committee of Institute of Military Veterinary, Academy of Military 
Medical Sciences. Oral consent was obtained from the owners of dogs. 
There were 5,813, 4,938, and 8,875 registered dogs in Wenchuan, Heishui, 
and Jiuzhaigou counties, respectively. The household dogs were randomly 
collected at the capital of the county and adjacent villages in May and 
June 2010. Blood samples were collected from 314 animals. Serum were 
separated and stored at - 20 C until use. 
Antibodies to T. gondii were detected in sera by an indirect 
hemagglutination antibody test (IHA) using a commercially available kit 
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(Lanzhou Veterinary Research Institute, Chinese Academy of Agricultural 
Sciences, Lanzhou, China) according to the manufacturer's instructions. 
Positive and negative control sera were provided in the kit. The test was 
considered positive when a layer of agglutinated erythrocytes was formed 
in wells at dilutions of 1:64, or higher; positive and negative controls were 
included in each test. 
The difference of T. gondii prevalence among different counties was 
compared by chi square test or Fisher's exact test with SSPS. The 
differences were considered statistically significant when P < 0.05. 
From a total of314 household dogs, 11 (3.5%) were seropositive with T. 
gondii infection, i.e., 4 of93 in Wenchuan (4.3%) were positive, 2 of 79 in 
Heishui (2.5%), and 5 of 142 in Jiuzhaigou (3.5%). No significant 
difference was found in seroprevalence of T. gondii infection among the 3 
counties (P > 0.05) (Table I). The antibody titers were 1:64 in 4 dogs, 
1:128 in 3 dogs, 1:256 in 2 dogs, 1:512 in 1 dog, and 1:1024 in 1 dog, 
respectively. 
The dogs were further allocated to 2 groups aged :51-yr-old (n = 220) 
and >1-yr-old (n = 94). Compared with the young dogs (7/220,3.2%), a 
higher seroprevalence of infection (4/94, 4.3%) was detected in the group 
l-yr-old dogs, but no statistical difference was found between the 2 groups 
(P> 0.05). 
The present survey showed that the overall seropositivity for T. gondii 
infection in household dogs was 3.5% in Sichuan Province, which was 
lower than the values of 13.2% in dogs in a study conducted in Beijing, 
10.8-21.0% in Lanzhou, and 12.6% in Inner Mongolia, 10.5% in 
Xingjiang, 20.7-21.3% in Guangzhou, but higher than those observed 
2.6% in Haiko and 1.8% in Heilongjiang (Table II). Toxoplasma gondii 
seroprevalence in dogs may be affected by ecological and geographical 
factors, as well as feeding conditions. It is known that the average annual 
temperature is 7.3-13 C in the 3 counties, with a typical plateau monsoon 
climate. Dry and cold circumstances may be unfavorable for the survival 
of T. gondii oocysts. In addition, the dogs investigated in this study were 
domesticated and had less chance to be exposed to the food contaminated 
with oocysts, which had been excreted in feces by cats. 
Although the difference was not statistically significant, the older dogs 
had the higher prevalence of T. gondii infection, compared with younger 
animals. The probable reason is that the older dogs have had more 
chances to be in contact with T. gondii oocysts. 
Here we investigated seroprevalence of T. gondii infection in household 
dogs in Sichuan Province, southwestern China. A further comprehensive 
survey of T. gondii infection in dogs in this region is also needed to 
determine prevalence in pets and stray dogs. In conclusion, the results of 
TABLE 1. Seroprevalence of Toxoplasma gondii in household dogs from 
Sichuan Province, southwestern China. Seroprevalances of T. gondii 
infection in dogs from different regions were analyzed using the chi-
square test, and no significant difference was found among the 3 regions 
(P> 0.05). 
No. examined No. positive 
Region samples samples Prevalence (%) 
Wenchuan 93 4 4.3 
Heishui 79 2 2.5 
Jiuzhaigou 142 5 3.5 
Total 314 11 3.5 
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TABLE II. Seroprevalence of T. gondii infection in dogs from China. 
Region Year of sampling* Methodt No. samples Positive (%) Reference 
Beijing <2006 ELISA 159 21 (13.2) Yu et al. (2006) 
Lanzhou <2010 IRA 66 14 (21.0) Zheng et al. (2010) 
2010 MAT 259 28 (10.8) Wu et al. (2011) 
Inner Mongolia <2010 ELISA 167 21 (12.6) Lu et al. (2010) 
Shanghai <2009 IRA 355 14 (3.9) Gong et al. (2009) 
2010 IRA 1,736 56 (3.2) Wang et al. (2011) 
Shenzhen 2009 ELISA 598 20 (3.3) Xie et al. (2010) 
Xingjiang <2011 IRA 304 32 (10.5) Wang et al. (2011) 
Haikou <2008 ELISA 462 12 (2.6) Huang et al. (2008) 
Guangzhou <2005 ELISA 87 18 (20.7) Chen et al. (2005) 
<2010 ELISA 150 32 (21.3) Zhang et al. (2010) 
Heilongjiang <1994 IRA 114 2 (1.8) Lv (1994) 
Sichuan <1994 IRA 457 25 (5.5) Lv (1994) 
* Years of sampling are listed as published in the references. In cases where this information was not available, this year listed here is the year when the study was published, 
as indicated by "<." 
t ELISA: enzyme-linked immunosorbent assay; IHA: indirect hemagglutination test; MAT: modified agglutination test. 
the present study indicated that infection with T. gondii in dogs is common 
in China, including household dogs in Sichuan Province, and is of public 
health concern. 
The study was supported by the National Key Technology R&D 
Program in China (Grant No. 20IOBAD04BOl) and the National Natural 
Science Foundation of China (Grant Nos. 30972178 and 31001057). 
LITERATURE CITED 
ALI, C. N., J. A. HARRIS, J. D. WATKINS, AND A. A. ADESIYUN. 2003. 
Seroepidemiology of Toxoplasma gondii in dogs in Trinidad and 
Tobago. Veterinary Parasitology 113: 179-187. 
CANON-FRANCO, W. A., D. P. BERGAMASCHI, M. B. LABRUNA, L. M. 
CAMARGO, J. C. SILVA, A. PINTER, AND S. M. GENNARI. 2004. 
Occurrence of anti-Toxoplasma gondii antibodies in dogs in the urban 
area of Monte Negro, Rondonia, Brazil. Veterinary Research 
Communications 28: 113-118. 
CHEN, D. X., J. Q. TAN, Y. Hu, H. X. SHEN, X. M. LI, J. CUT, J. N. LIUI, 
Y. C. ZHANG, AND Y. Q. CAl. 2005. Epidemiological investigation of 
Toxoplasma gondii infection in cats and dogs in Guangzhou. Journal 
of Tropical Medicine 5: 639-641. 
DUBEY, J. P. 2009. Toxoplasmosis of animals and humans, 2nd ed. CRC 
Press, Boca Raton, Florida, p. 1-313. 
GONG, G. H., J. P. ZHOU, Q. Y. SUN, P. H. Lru, AND Q. WANG. 2009. 
Serological survey of Toxoplasma gondii infection in dogs in Shanghai 
area. Chinese Journal of Animal Infectious Diseases 17: 64-67. 
HEJLICEK, K., I. LITERAK, AND M. LHOTAK. 1995. Prevalence of antibodies 
to Toxoplasma gondii in army dogs in the Czech Republic and Slovak 
Republic. Veterinary Medicine 40: 137-140. 
HUANG, S. M., Q. P. ZHOU, K. CUI, Z. S. HUANG, AND Q. X. Lr. 2008. 
Survey and clinical treatment of toxoplasmosis in pet dogs and cats in 
urban area of Haikou City. Chinese Journal of Tropical Medicine 8: 
1462-1463. 
LOPES, A., H. SANTOS, F. NETO, M. RODRIQUES, O. KWOK, J. P. DUBEY, AND 
L. CARDOSO. 2011. Prevalence of antibodies to Toxoplasma gondii in 
dogs from Northeastern Portugal. Journal of Parasitology 97: 418-420. 
Lu, A. T., Y. GAO, AND S. Du. 2010. Survey on cats and dogs infected with 
Toxoplasma gondii at part area of Inner Mongolia. Animal 
Husbandry and Feed Science 31: 155-156. 
Lv, Y. C. 1994. Epidemiological surveillance of toxoplasmosis in dogs. 
Guangxi Journal of Animal Husbandry and Veterinary Medicine 19: 
11-12. 
WANG, Q., W. JIANG, Y. J. CHEN, AND Z. Y. JING. 2011. Prevalence of 
Toxoplasma gondii antibodies and DNA in dogs in Shanghai, China. 
Journal of Parasitology 97: 367-369. 
WANG, W. S., J. S. ZHANG, W. CHEN, J. W. WANG, Q. L. MENG, AND J. 
QIAO. 20 II. Serological survey of Toxoplasma gondii infection among 
human and animals in Shihezi Region. Progress in Veterinary 
Medicine 32: 120-122. 
WANHA, K., R. EDELHOFER, C. GABLER-EDUARDO, AND H. PROSL. 2005. 
Prevalence of antibodies against Neospora caninum and Toxoplasma 
gondiiin dogs and foxes in Austria. Veterinary Parasitology 128: 189-
193. 
Wu, S. M., S. Y. HUANG, B. Q. Fu, G. Y. Lru, J. X. CHEN, M. X. CHEN, 
Z. G. YUAN, D. H. ZHOU, Y. B. WENG, X. Q. ZHU, AND D. H. YEo 
2011. Seroprevalence of Toxoplasma gondii infection in pet dogs in 
Lanzhou, Northwest China. Parasites and Vectors 4: 64. 
XIE, G. P., Y. J.GENG, R. L. ZHANG, D. N. HUANG, S. T. GAO, Q. ZHANG, 
AND S. Wu. 2010. Survey of Toxoplasma gondii infection in pet cats 
and dogs in Shenzhen. Chinese Journal of Tropical Medicine 10: 
1075-1077. 
Yu, Y. L., L. 1. Fu, AND M. WANG. 2006. Serological survey of 
Toxoplasma gondii infection in dogs and cats in Beijing. Chinese 
Journal of Veterinary Medicine 42: 7-9. 
ZHANG, H., D. H. ZHOU, Y. Z. CHEN, R. Q. LIN, Z. G. YUAN, H. Q. SONG, 
S. J. LI, AND X.Q. ZHU. 2010. Antibodies to Toxoplasma gondii in 
stray and household dogs in Guangzhou, China. Journal of 
Parasitology 96: 671-672. 
ZHENG, H. X., D. H. YE, AND S. S. Ql. 2010. Serological detection and 
analysis of Toxoplasma gondii infection in dogs in Lanzhou, China. 
Chinese Animal Husbandry and Veterinary Medicine 37: 172-174. 
J. Parasitol., 98(1), 2012, pp. 211-212 
© American Society of Parasitologists 2012 
Seroprevalence of Toxoplasma gondii in Dogs in Shandong, Henan, and Heilongjiang 
Provinces, and in the Xinjiang Uygur Autonomous Region, People's Republic of China 
Yongxia Liu*, Gaoming He*t, Ziqiang Cheng, Yayin Qit, Jianzhu Liu#, Hongchao Zhang:):, Guodong Liu§, Dayou Shill, Dubao Yang, 
Shujing Wang, and Zhenyong Wang, College of Veterinary Medicine, Research Center for Animal Disease Control Engineering Shandong 
Province, Shandong Agricultural University, Tai'an 271018, China; *These authors have contributed equally to this paper; tColiege of Animal 
Science & Technology, Shihezi University, Shihezi 832000, China; :):Henan Vocational College of Agriculture, Zhengzhou, 453000, China; §Xifeng 
Animal Clinic, Harbin, 150080, China; IICollege of Veterinary Medicine, South China Agricultural University, Guangzhou, 510642, China; #To whom 
correspondence should be addressed. e-mail: liujianzhu@hotmail.com 
ABSTRACT: Seroprevalence of Toxoplasma gondii infection was deter-
mined in sera of 632 dogs (551 pets, 81 strays) from Shandong, Henan, 
and Heilongjiang Provinces, and in the Xinjiang Uygur Autonomous 
Region, People's Republic of China (PRC), using the indirect hemagglu-
tination assay (cutoff titer 1:64 or higher); 11.1 % were seropositive. The 
seroprevalence in stray dogs and in ~3-yr-old dogs was significantly 
higher (P < 0.05) than that in household dogs and in <3-yr-old dogs. 
There were no significant differences in terms of gender, breed, or locality 
(P ~ 0.05). The results indicate that T. gondjj infections are common in 
dogs in PRC. 
Toxoplasma gondii infects most warm-blooded animals worldwide, 
including dogs (Dubey, 2010). Toxoplasma gondii infections in dogs are 
important because the infection can cause serious illness in dogs, dogs can 
be a transport host for T. gondjj oocysts, and dog meat is consumed by 
humans in several countries. 
Worldwide reports of T. gondjj infections in dogs were recently 
summarized by Dubey (2010). However, information from Peoples's 
Republic of China (PRC) is limited and mostly published in Chinese (Ye 
et aI., 2002; Yuan et aI., 2004; Wang et aI., 2006; Yu et aI., 2006; Tsai et aI., 
2008; Zhang et al., 2010; Wang et aI., 2011). 
Therefore, the current study was conducted to determine the 
seroprevalence of T. gondii infection in dogs from various sources and 
to assess the risk factors associated with exposure to the parasite in the 
dog populations in Shandong, Henan, Heilongjiang, and Xinjiang Uygur 
Autonomous Regions, PRC. 
The present study was conducted in 4 areas (Table I). Shandong is one 
of China's important eastern coastal provinces. It is located 340 25' to 
38°23'N and 1240 36' to 112°43'E. Its total land area is 15.67 km2, with a 
human population of approximately 90 million. Henan Province is located 
in middle-eastern China at 31 0 23' to 36°22'N and 1100 21' to 116°39'E. Its 
total land area is 16.7 km2, and its human population is approximately 99 
million. Heilongjiang Province is in the northeastern-most part of 
mainland China at 430 25' to 53°33'N and 121 0 11' to 135°05'E. Its land 
area is approximately 500 million km2, and it has a human population of 
approximately 33 million. Finally, Xinjiang Uygur Autonomous Region is 
the largest provincial administrative region. It is located 340 25' to 48°IO'N 
and 730 18' to 96°18'E, with a land area of 166 million km2 and a human 
population of approximately 21 million. 
The survey was carried out between March 2010 and March 2011. Blood 
samples from a total of 632 animals were collected as follows. Stray dogs were 
randomly selected (81 dogs), and household dogs were admitted to several 
veterinary clinics (551 dogs) in the 4 regions (Table 1). Blood samples drawn 
from the saphenous vein were left to clot at room temperature for 3 hr and 
then centrifuged at 1,000 g for 10 min. Sera were stored at -20 C for analysis 
through an indirect hemagglutination antibody (IHA) test. Biometric data for 
dogs, including information on age, gender, and breed, were recorded 
(Table 1). The analysis information regarding stray dogs was estimated based 
on body condition and by examining dentition. The information on the 
household dogs was taken from either the pet owners or veterinary records. 
All dogs were asymptomatic and did not receive any prophylaxis or treatment 
for T. gondjj. 
The IHA test for T. gondii antibodies was carried out as previously 
described by Zou et al. (2009) using commercially available IRA kits 
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(Lanzhou or Jiangsu Veterinary Research Institute, China Academy of 
Agricultural Sciences, Lanzhou, China). The procedure described in the 
manufacturer's instructions was carefully followed. Briefly, the sera were 
placed into 96-well polystyrene plates and serially diluted 2-fold serially 
starting from 1:16 to 1:1,024. The T. gondii antigen was then added, and the 
plates were shaken gently for 2 min before incubation at 37 C for 2 hr without 
agitation. The test was considered positive when a layer of agglutinated 
erythrocytes was formed in the wells at dilutions of 1:64 or higher. Positive 
and negative control sera were included in each test. The positive and negative 
control sera were supplied by the Lanzhou Veterinary Research Institute, 
China Academy of Agricultural Sciences, Lanzhou, China. 
Statistical evaluations were made with an exact binomial confidence 
interval of 95%, using the program EpiInfo, version 6.04 (Dean et aI., 
1995). A ·l goodness-of-fit test was performed using the Hosmer and 
Lemeshow (2000) statistic, and P :s 0.05 was considered significant. The 
statistical software package SPSS, version 17.0 (SPSS, Chicago, Illinois) 
was used for the analysis. 
The overall seroprevalence in dogs in the 4 regions was 11.1 % (Table I), 
which was higher than that observed in Shanghai municipalities (Wang 
et aI., 2006, at 5.3% by IRA; Wang et al., 2011, at 3.2% by IRA), lower than 
that observed in Hebei Province (Yuan et aI., 2004, at 26.9% by ELISA) and 
Guangzhou (Zhang et aI., 2010, at 21.3% by ELISA), and similar to that 
observed in Beijing (Yu et aI., 2006, at 12.3% by ELISA). These differences 
may have resulted from the use of different serological tests, survey periods, 
sample sizes, types of dog population, and cutoff values for the test. 
Climatic factors may have also affected the abundance of viable parasitic 
stages in the environment for definitive and intermediate hosts and could 
have influenced the overall prevalence (Azevedo et aI., 2005). 
Seroprevalence in stray dogs (18.5%) was significantly higher than that 
in household animals (10.0%, P = 0.029, OR = 2.050, 95% CI = 1.096-
3.833). Most likely, the stray dogs freely roamed outside the homes and 
were more readily exposed to T. gondii oocysts. 
The seroprevalence in males was 11.2% (40 of 358), whereas in females, 
the seroprevalence was 10.9% (30 of 274). The gender thus was not 
significantly associated with the presence of anti-To gondjj antibodies in 
the current study (P = 0.681, OR = 0.977,95% CI = 0.592-1.615). 
The highest prevalence of T. gondjj infection (20.5%) was detected in 
>6-yr-old dogs, 15.0% in the 3- to 6-yr-old age group, 9.8% in 1- to 3-yr-
olds, and 4.6% in the <1-yr-old group. Statistical analysis revealed a 
significant difference in 3- to 6-yr-old age group (P=0.002, OR=0.274, 
95% CI=0.113--O.664), and in the >6-yr-old age group (P < 0.0001, OR = 
0.188,95% CI = 0.075--0.470). The difference in prevalence with respect to 
age (adults vs. juveniles) indicates that the environment plays a major role 
as a source of infection, which reinforces the finding of greater prevalence 
among dogs that are free to roam the streets. The streets allow free access 
to cats that contaminate the environment with oocysts and expose the 
dogs to T. gondii infection post-natally. 
This research was supported by China Postdoctoral Science Founda-
tion-funded project (200801417, 200801001, 62567). 
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TABLE 1. Seroprevalence of Toxoplasma gondii infection in dogs in different geographical regions of China determined by indirect hemagglutination test. 
Univariate analysis 
Variable No. dogs (%) Positive dogs (%) Odds ratio (95%CI) p 
Total 632 (100.0) 
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Females 274 (43.4) 
Males 358 (56.6) 
Age (yr) 
0-1 152 (24.1) 
1-3 235 (37.2) 
3-6 147 (23.3) 
>6 88 (13.9) 
Breed 
Pure bred 234 (37.0) 
Mixed breed 398 (63.0) 
Area of activity of the dog 
Stray 81 (12.8) 
House 551 (87.2) 
Region 
Xinjiang Uygur Autonomous Regions 259 (41.0) 
Henan Regions 106 (16.8) 
Shan dong Regions 143 (22.6) 
Heilongjaing Regions 124 (19.6) 
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ABSTRACT: The purpose of the present study was to obtain seroepide-
miological information on the Neospora caninum infection status of sheep 
and goats in different areas of Punjab Province and Azad Kashmir 
(Pakistan). A cross-sectional study, with the use of a competitive ELISA, 
showed an overall 27.7% (35 of 128) (95% confidence interval [CI] ± 
7.7%) and 8.6% (13 of 142) (95% CI ± 4.6%) seroprevalence of N. 
caninum antibodies in sheep and goats, respectively. The difference in 
seroprevalence between sheep and goat populations was statistically 
significant (P < 0.05). The highest prevalence (37.4% ± 13.2%) was 
recorded in the tailless breed of sheep. 
Sheep and goats are economically important species in Pakistan, with 
estimated populations of 27.8 and 59.9 million, respectively (Farooq, 
2010). As in many countries of the world, sheep and goats are a valuable 
source of meat and milk for humans. As such, diseases affecting sheep and 
goats are of great importance. 
Neospora caninum is an intracellular protozoan parasite, well known as 
an important etiologic agent of bovine abortion (Anderson et aI., 1991). It 
can also cause abortion or neonatal mortality in other animal species, 
including sheep, goats, deer, and horses (Dubey, 2003; Gondim et aI., 
2004). Transplacental transmission is believed to be the prime mode of 
transmission (Pare et aI., 1994), but postnatal transmission is known to 
occur (Davison et aI., 1999) and infection through the ingestion of oocysts 
via colostrum has also been reported (Uggla et aI., 1998). The sexual part 
of the parasite's life cycle is completed in canids (McAllister et aI., 1998; 
Gondim et aI., 2004; King et aI., 2010), which may contaminate the 
environment, including animal fodder, with infectious oocysts. 
In goats, neosporosis has been described (Barr et aI., 1992; Dubey et aI., 
1992; Corbellini et aI., 2001; Eleni et aI., 2004). Neospora caninum 
antibodies were detected in 5 of 77 (6.5%) goats on a farm in Costa Rica, 
in addition to a case of neosporosis (abortion) being diagnosed (Dubeyet 
aI., 1996). Nevertheless, the prevalence and significance of N. caninum 
infection in this host species has not been adequately examined. 
Sheep can become infected after experimental inoculation of oocysts 
excreted by dogs in feces (O'Handley et aI., 2002). Neosporosis has not 
been frequently identified as a cause of abortions in sheep, with generally 
only a few cases in single animals or flocks having been reported (Hassig et 
aI., 2003; West et aI., 2006; Howe et aI., 2008). Recently, there has also 
been a report of cerebral neosporosis in Australian sheep (Bishop et aI., 
2010). Although clinical cases may occur, the prevalence of N. caninum 
antibodies in sheep flocks generally appears to be low; only 2.2% of sheep 
in Australia are antibody positive (Bishop et aI., 2010) and 0.6% in New 
Zealand (Reichel et aI., 2008). Serological surveys in Brazil, however, have 
exhibited a somewhat higher prevalence of infection, at approximately 
10% (Figliuolo et aI., 2004; Romanelli et aI., 2007; Ueno et aI., 2009). 
The objective of the present study was to investigate the epidemiological 
status of Neospora caninum infection for the first time in sheep and goats 
in Districts of Punjab and Azad Kashmir in Pakistan. 
Blood samples were collected aseptically from 142 goats maintained in 5 
different goat farms/units in Okara (Punjab) and Kotli (AzadKashmir), 
located at 300 44'27''N, 73°21'27"E and 33°31'0.99"N, 73°53'55.04"E, 
respectively. Samples were collected from Beetal (n = 64) and crossbred 
goats (n = 78). Beetal goats are one of the main milk producers in 
Pakistan, and crossbreds serve the dual purpose of providing milk and 
meat. 
Sheep blood samples (n = 128) were collected from the tailless breed of 
sheep maintained at the Pattoki (Punjab) Sheep Farm of Veterinary 
DOl: lO.1645/GE-2863.1 
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University Lahore; the Kajli sheep breed was brought to the University 
Outdoor Clinic (University of Veterinary and Animal Sciences, Lahore, 
Pakistan) during 2009-2010. Sheep and goat sera were separated in the 
laboratory and stored at -20 C until serological analysis was performed. 
Serologic testing was performed at the University Diagnostic Labora-
tory, University of Veterinary and Animal Sciences, Lahore, Pakistan. A 
commercially available competitive ELISA for the detection of anti-No 
caninum antibodies (cELISA, VMRD Inc., Pullman, Washington) was 
used in accordance with the manufacturer's instructions. 
Survey Toolbox (Cameron, 1999) software was utilized to calculate the 
true prevalence of N. caninum antibodies in sheep and goat sera (assuming 
96% sensitivity and 99% specificity of cELISA). A Pearson chi-square test 
was used to assess the statistical significance of differences in seroprev-
alence (age, sex, breed, and farm of origin) at the 95% confidence level 
(PASW Statistics 18, SPSS Inc., SPSS, Chicago, Illinois). 
The present study revealed an overall true seroprevalence of 8.6% (95% 
confidence interval [CI] ± 4.6%) in goats. Although the seroprevalence in 
female goats was higher at 10.2% (95% CI ± 6.5%) than in males (6.2% ± 
6.2%), the difference was not statistically significant (P > 0.05) (Table I). 
Crossbred goats exhibited a higher seroprevalence at 9.7% (95% CI ± 
6.6%) than the Beetal breed of goats (7.2% [5/64] (95% CI ± 6.3%)). 
Goats in the age range of 2-4 yr had a higher prevalence of anti-
N. caninum antibodies than the other age groups. The seroprevalence of N. 
caninum infection among goats at different farms ranged from 6.2 
to 11.5%, with each farm having at least I seropositive animal in the flock. 
However, the prevalence among different farms did not differ significantly 
(P> 0.05). 
In sheep, an overall seroprevalence of 27.7% (95% CI ± 7.7%) was 
recorded (Table II). Crossbred sheep exhibited a prevalence of 23.5% 
(95% CI ± 15.2%), with no significant difference (P > 0.05) between 
males (23.2%, 95% CI ± 11.5%) and females (30.8%, 95% CI ± 10.4%). 
The tailless breed revealed a higher prevalence at 37.4% (95% CI ± 13.2), 
compared to the Kajli breed, with a seroprevalence of 19.5% (95% CI ± 
TABLE 1. Prevalence of Neospora caninum antibodies in 142 goats in 
Pakistan by sex, age, and breed (95% confidence intervals [CI] in 
brackets). None of the differences within each category were significant at 
the P < 0.05 level. 
Number of Number of 
goats tested goats positive True prevalence (%) 
Sex 
Female 84 9 10.2 (95% CI ± 6.5) 
Male 58 4 6.2 (95% CI ± 6.2) 
Breed 
Beetal 64 5 7.2 (95% CI ± 6.3) 
Crossbred 78 8 9.7 (95% CI ± 6.6) 
Age (years) 
0.25-1 32 2 5.5 (95% CI ± 7.9) 
1-2 23 2 8.1 (95% CI ± 11.1) 
2-4 42 5 11.5 (95% CI ± 9.5) 
4--6 34 3 8.2 (95% CI ± 9.2) 
6-9 11 I 8.5 (95% CI ± 16.5) 
Total 142 13 8.6 (95% CI ± 4.6) 
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TABLE II. Prevalence of Neospora caninum antibodies in 128 sheep in 
Pakistan by sex and breed (95% confidence intervals [CI] in brackets). 
None of the differences within each category were statistically significant 
(P> 0.05). 
Sheep Sheep 
tested (n) positive (n) True prevalence (%) 
Sex 
Female 76 23 30.8 (95% CI ± 10.4) 
Male 52 12 23.2 (95% CI ± 11.5) 
Breed 
Tailless 52 19 37.4 (95% CI ± 13.2) 
Kajli 46 9 19.5 (95% CI ± 11.4) 
Crossbreed 30 7 23.5 (95% CI ± 15.2) 
Total 128 35 27.7 (95% CI ± 7.7) 
11.4%); the difference in prevalence was not significant (P > 0.05). The 
tailless breed was maintained at the Pattoki Sheep Farm, with a recent 
history of frequent abortions. Overall, the prevalence of N. caninum 
antibodies in sheep (27.7%, 95% CI ± 7.7%) was significantly higher (P < 
0.05) than in goats (98.6%, 95% CI ± 4.6%). 
The seroprevalence of N. caninum in sheep in the current study (27.7%) 
is in agreement with investigations conducted recently, which showed a 
seroprevalence of 23% (of 155) sheep in Uberlandia, Minas Gerais State 
(Rossi et aI., 2011) and considerably higher than those reported from 
sheep in Australia (2.2%) (Bishop et aI., 2010) and New Zealand (Reichel 
et aI., 2008). A factor contributing to the observed higher prevalence in 
Pakistani sheep may be the predominantly high humidity and hot climate 
throughout the year in the study area, which may favor the survival, 
sporulation, and transmission of N. caninum oocysts through fodder, 
grazing, or water. 
An overall seroprevalence of 8.6% in the goats of the present study is 
similar to the study conducted in Argentina by Moore et al. (2007), who 
reported a prevalence of 6.6% for N. caninum infection in goats of La 
Rioja Province. However, the present study differs from that of Faria et al. 
(2007), who revealed a 3.3% (95% CI = 1.6-5.9%) prevalence of anti-
N. caninum antibodies in goats, and also describes no sex differences. 
Nevertheless, our study differs considerably from the 0.7% and 15% 
seroprevalence of N. caninum reported in Sri Lankan (Naguleswaran et aI., 
2004) and Brazilian goats (Uzeda et aI., 2007), respectively. 
The present study is the first regarding the prevalence of N. caninum 
antibodies in sheep and goats in Pakistan. The majority of sheep examined 
in our study were animals on farms with a history of endemic abortions 
showing an alarmingly high prevalence, as has also been reported from 
buffalo in this country (Nasir et aI., 2011). Further studies are strongly 
recommended in order to provide a clear representation of the prevalence 
of N. caninum in the country in different breeds of sheep and goats. 
The authors are extremely indebted to the Higher Education 
Commission (HEC, Islamabad) of Pakistan for funding this study. 
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Helminth Parasites of the Western Willet, Tringa semipalmata inornata, From Montana and 
Texas with a Checklist of Helminth Parasites 
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ABSTRACT: In total, 26 western willets, Tringa semipalmata inornata, 
were examined for helminth parasites, including 8 spring migrating hosts 
from the Chihuahua Desert, Rio Grande Valley, Texas, and 18 post-
breeding hosts from east central Montana. Sixteen species of helminth 
parasites were present in component communities for both spring 
migrants and post-breeding birds. There were 9 species of trematodes, 2 
cestodes, and 5 of nematodes, with a total of 1,593 individual specimens 
(X = 99.6, ±SE = 57.9, M = 9) present in migrating willets, and 5 species 
of trematodes, 8 cestodes, and 3 nematodes for a total of 1,148 individual 
specimens (X = 71.8, ±SE = 34.4, M = 12) present in post-breeding 
hosts. Species richness in infracommunities ranged from 2 to 10 (X = 5.1, 
±SE = 0.95, M = 5.3) for spring migrants, and from 1 to 4 (X = 2.8, 
±SE = 0.26, M = 3) for post-breeding birds. Diversity and evenness were 
0.72 and 0.23 for spring migrants and. 0.62 and 0.17 for post-breeding 
hosts. Trematodes were the dominant taxa in spring migrants and cestode 
taxa in post-breeding hosts. Helminths with marine-associated life cycles 
were present in larger numbers in spring migrants from the Rio Grande 
Valley (11 of 16 species) than in post-breeding hosts from Montana hosts 
(4 of 16 species). The higher number of marine species in spring migrants 
was probably related to their more recent association with a marine 
habitat. Several species of Anomotaenia were major contributors to the 
component communities in both localities. Four species of nematodes with 
large prevalence, i.e., Schistorophus skrjabini, Sciadiocara umbellifera, 
Skrjabinoclava inornatae, and Sobolivicephalus lichtensfelsi, observed in 
spring migrants from the Rio Grande Valley were absent from Montana 
hosts. There was only a 2% similarity between the Rio Grande Valley and 
Montana. All helminth species, except for the possibility of Anomotaenia 
spp., were generalists. A checklist of helminth parasites of the willet is 
included. 
According to Lowther et al. (2001), the willet, Tringa semipalmata 
(Gmelin, 1789), is composed of 2 disjunct breeding populations differing 
in ecology, morphology, and vocalizations. Populations breeding inland, 
in primarily freshwater habitats of the western United States and 
Canadian provinces, belong to the western willet subspecies, Tringa 
semipalmata inornata (Brewster, 1887). Western willets breed in the prairie 
provinces of central Canada and in the United States in Oregon, Idaho, 
Montana, North and South Dakota, Nebraska, and Colorado. Western 
willets winter along the Pacific coast to northern Chile with some entering 
the Caribbean (Fisher, 1997; Paulson, 2005). As observed by others (A. 
Canaris, pers. obs.), willets were uncommon solitary migrants in the spring 
in Hudspeth County, Rio Grande Valley, Texas. 
Willets in inland marshes feed primarily on water scavenger, diving, and 
snout beetles, as well as other aquatic insects, and on spiders and fish. In 
marine habitats they feed on several species of crabs, nereid and cirratulid 
worms, clams, mussels, and amphipods (Lowther et aI., 2001). 
Bush (1990) gave an extensive report of helminth parasites of willets 
from the breeding grounds (freshwater) in the prairie provinces of Alberta 
and Manitoba, and from wintering grounds (saltwater) on the coasts of 
California, Florida, and Louisiana. More recently, Dronen et al. (2002) 
reported a total of 22 species of helminth parasites recovered from willets 
from saltwater habitats in Galveston Bay, Texas. 
The purpose of the present paper is to present information about 
helminth parasite component and infracommunities from spring migrating 
western willets from the Chihuahua Desert in southwestern Texas and 
post-breeding western willets from east-central Montana. Our results are 
compared to those of Bush (1990) and Dronen et al. (2002), and the data 
for helminth parasites reported from the willet are summarized. 
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Eight spring migrating willets, T. s. inornata were collected from the 
Chihuahua Desert, Rio Grande Valley, Hudspeth County, Texas, in April 
and May 1985-1988 and 18 post-breeding willets from the Bowdoin 
National Wildlife Refuge, Montana and vicinity on 9-23 July 2004. 
Birds were killed with a shotgun, placed in individual plastic bags, and 
examined within 6 hr or frozen for later examination. All internal organs 
were examined for helminth parasites. Cestodes and trematodes were fixed 
and preserved in AFA (alcohol-formalin-acetic acid), stained in Semi-
chon's acid carmine, and mounted in neutral Canada balsam. Nematodes 
were fixed in 70% ethanol and studied in temporary lactophenol mounts. 
In the present paper, infracommunity refers to helminth data from a single 
host, and component community refers to helminth data from several 
hosts as defined by Bush et al. (1997). 
Statistical tests used to evaluate helminth data from the Rio Grande 
Valley, Texas, and from Montana were Simpson's index for diversity (to 
emphasize the more common species; ranges from a low of 0, to a high 
near 1), and Smith and Wilson's index of evenness (independent of species 
richness and is sensitive to both rare and common species). Renkonen's 
percent similarity index, which uses helminth species and their abundance, 
and ranges from 0 (no similarity) to 100 (complete similarity) was used to 
compare our results from the Rio Grande Valley to those of Dronen et al. 
(2002) for Galveston Bay, Texas (n = 105), for closer proximity to the 
spring migrating sample from the Rio Grande Valley (n = 8) than to 
saltwater samples of Bush (1990), and Montana (n = 18) to the Tilly B 
sample from Alberta, Canada (Bush, 1990), because of comparable 
habitat, sample size (n = 19), and time of collection (June). Abbreviations 
used are X = mean abundance, SE = standard error, and M = median; 
AB = Alberta, Canada; CA = California; FL = Florida; GB = Galveston 
Bay, Texas; LA = Louisiana; MB = Manitoba, Canada; MT = Montana; 
CRGV = Chihuahua Desert, Rio Grande Valley, Texas; TX = Texas; 
BFW = all fresh water localities from Bush (1990); and BSW = all 
saltwater localities from Bush (1990). Several averages for species richness 
and abundance for comparative purposes were calculated from results 
given by Bush (1990) and Dronen et al. (2002). Voucher specimens were 
deposited in the National Parasite Collection, Beltsville, Maryland, under 
accession numbers 104680-104698. 
The helminth component community of the western willet T. s. inornata 
from the CRVG (n = 8) consisted of 16 species of helminths (9 trematode 
species, 2 cestodes, and 5 nematodes), with a total of 1,593 individual 
specimens (X = 99.6, ±SE = 57.9, M = 9). Eleven species were associated 
with marine habitats, 2 with freshwater, and 3 species were of unknown 
affinity (Table I). Species richness in infracommunities ranged from 2 to 
10 (X = 5.1, ±SE = 0.95, M = 5.3). Diversity and evenness were 0.62 and 
0.17, respectively. All hosts were infected with at least 1 helminth species. 
Trematodes occurred in the greatest numbers (821 [52%]) followed by 
cestodes (598 [38%]) and nematodes (174 [11%]). No acanthocephalans 
were recovered. Odhneria odhneri was the most abundant trematode, and 
cestode Anomotaenia sp. 2 was the most prevalent (62.5%) and abundant 
(X = 71.0) cestode. The nematode species Schistorophus skrjabini, 
Sciadiocara umbellifera, and Sobolivicephalus lichtensfelsi were also 
comparatively high in prevalence, ranging from 50.0% to 62.5%, but 
low in abundance (X = 1.13 to 8.25) (Table I). The cestode Anomotaenia 
sp. 2 is probably the only specialist. The remaining 15 species are 
generalists, having been reported from a variety of shore- and water-
inhabiting birds. 
The helminth component community of the western willet from MT 
(n = 18) consisted of 16 species of helminths (5 trematode species, 
8 cestodes, and 3 nematodes) for a total of 1,148 individual specimens 
(X = 71.8, ±SE = 34.4, M = 12). Three species were associated with 
marine habitats, 7 with freshwater habitats, and 6 species were of 
unknown affinity (Table I). Species richness in infracommunities ranged 
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TABLE I. Helminth parasites of the western willet, Tringa semipalmata inornata, from Montana and Texas. Abbreviations: P = percentage prevalence; 
A = mean abundance. 
Locality 
Montana (n = 18) Texas (n = 8) 
Helminth P A ±SE Range Total P A ±SE Range Total 
Trematode 
Cloacitrema michiganense* 12.5 0.\3 0.13 
Cyclocoelum obscurumt 16.7 1.7 1.03 6-7 30 37.5 1.13 1.08 1-8 14 
Himasthla sp. * 25.0 0.75 0.53 2-4 6 
Maritrema patulus* 12.5 0.38 0.38 3 
Notocotylus attenuatus* 22.2 2.4 2.1 1-38 43 
Odhneria odhneri* 5.6 0.05 0.05 62.5 97.5 50.6 10-356 780 
Paramonostomum actididis* 12.5 0.25 0.25 2 
Parorchis catoptrophori* 11.1 0.22 0.15 2-2 4 25.0 0.63 0.42 2-3 5 
Philophthalmus hegeneri* 12.5 0.13 0.13 
Plagiorchis eleganst 27.8 1.72 0.83 1-11 31 
Renicola sp. * 37.5 1.13 0.64 2-5 9 
Cestoda 
Anomotaenia gallinagilist 50.0 8.5 3.9 1-62 152 
Anomotaenia sp. * 22.2 27.7 21.4 6-384 498 
Anomotaenia sp.t 62.5 71.0 59.1 3-482 586 
Aploparaksis leonovit 5.6 0.28 0.28 5 
Aploparaksis spinosust 5.6 1.0 1.0 18 
Diplophallus coilit 5.6 0.33 0.33 6 
Kowalewskiella cinguliferat 55.6 16.5 9.39 1-169 297 
Ophryocotyle insignis* 25.0 1.50 1.13 3-9 12 
Trichocephaloides 
megalocephal4 5.6 0.05 0.05 
Wardium annandaleij. 22.2 2.89 1.74 1-28 52 
Nematoda 
Ancyracanthopsis 
winegardij. 5.6 0.17 0.17 3 
Capillaria cecumitist 16.7 0.22 0.13 1-2 4 12.5 0.38 0.38 3 
Schistorophus skrjabini* 62.5 3.38 1.75 1-14 27 
Sciadiocara umbelliferat 50.0 1.13 0.61 1-5 9 
Skrjabinoclava inornatae* 37.5 8.63 5.24 4-34 69 
Sobolivicephalus 
lichtensfelsij. 50.0 8.25 4.96 1-38 66 
Streptocara crassicaudat 5.6 0.17 0.17 3 
* Marine. 
t Freshwater. 
t Unknown. 
TABLE II. Helminth mean species richness, mean abundance, and percentage of helminth taxa from nesting, wintering, and migrating western willets, T. 
semipalmata inornata. 
Locality* Mean Species richness Mean abundance % Trematode % Cestode % Nematode % Acanthocephala 
Nesting (freshwater) 
Canada AB, MBt (n = 46) 7.5 362 38 59 0.4 2 
Montana (n = 18) 2.8 72 9 90 0 
Wintering (saltwater) 
CA,FL,LAt (n = 39) 7.3 701 93 6 0.4 
GB (n = 105) 4.8 438 72 6 22 0.07 
Migrating (spring) 
CRGV (n = 8) 5.1 100 52 38 11 0 
* AB = Alberta; CA = California; CRGV = Chihuahua Desert, Rio Grande Valley, Texas; FL = Florida; GB = Galveston Bay, Texas; LA = Louisiana; MB = Manitoba. 
t Average score for multiple localities. 
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TABLE III. Checklist of helminth parasites of the willet, T. semipalmata inornata. 
Helminth 
Trematoda (63) 
Ascorhytis charadriformis 
Ascocotyle ampullacea 
Ascocotyle sp. 
Ascocotyle sp. 
Austrobilharzia sp. 
Cloacitrema michiganense 
Cyclocoelum mutabile 
Cyclocoelum obscurum 
Diacetabulum riggini 
Echinostoma sp. 
Endocotyle bushi 
Gynaecotyla adunca 
Gynaecotyla riggini 
Himasthla sp. 
Himasthla catoptrophori 
Himasthla quissentensis 
Levinseniella charadriformis 
Levinseniella cruzi 
Levinseniella gymnopocha 
Levinseniella hunteri 
Lyperosomum sp. 
Maritrema gratiosum 
Maritrema laricola 
Maritrema patulus 
Maritrema prosthometra 
Microphallus n. sp. 
Microphallus nicolli 
Microphallus pygmaeum 
Microphallus turgidus 
Notocotylidae 
Notocotylus sp. 
Notocotylus sp. 
Notocotylus sp. 
Numeniotrema kinsellai 
Odhneria odhneri 
Paragymnophallus kinsellai 
Paramaritremopsis stunkardi 
Paramonostomum actididis 
Parastictodora hancocki 
Parorchis acanthus 
Parorchis catoptrophori 
Parvatrema borealis 
Parvatrema borinquenae 
Parvatrema bushi 
Parvatrema sp. 
Philophthalmus hegeneri 
Plagiorchis elegans 
Probolocoryphe glandulosa 
Probolocoryphe lanceolata 
Prosthogonimus ovatus 
Renicola glandoloboides 
Renicola sp. 
Stephanoprora denticulata 
Stephanoprora n. sp. 
Stephanoprora sp. 
Stictodora cursitans 
Stictodora hancocki 
Stictodora n. sp. 
Strigeidae 
Locality* 
CA,FL 
FL 
FL 
FL 
TX 
CA,TX 
OK 
FL,TX 
FL,LA 
AB,MB 
FL, TX 
FL 
FL 
TX 
TX 
CA,FL 
CA,OK 
OK 
CA 
FL,TX 
TX 
OK 
CA 
FL,TX 
LA 
CA 
AB,FA 
AB 
FL 
AB 
FL 
AB 
TX 
FL 
AB, CA, FL, MT, TX 
FL 
AB 
TX 
TX 
AB, CA, FL, MT, TX 
MT,TX 
CA 
FL 
FL 
FL,LA 
TX 
AB,MB 
TX 
FL 
TX 
TX 
TX 
FL 
FL 
TX 
FL 
AB,FL 
AB,FL 
MB 
Citation 
Ching, 1990; Bush, 1990 
Bush, 1990 
Bush, 1990 
Bush, 1990 
Dronen et a!., 2002 
Ching, 1990; Dronen et a!., 2002; this paper 
Riggins, 1953 
MacInnis, 1966; Dronen et a!., 2002; this paper 
Bush, 1990 
Bush, 1990 
Kinsella and Deblock, 1997; Dronen et a!., 2002 
Bush, 1990 
MacInnis, 1966 
This paper 
Dronen et a!., 2002 
Bush, 1990 
Young, 1949; Riggins, 1953 
Riggins, 1953 
Ching, 1990 
Bush, 1990; Dronen et al., 2002 
Dronen et a!., 2002 
Riggins, 1953 
Ching, 1990 
Bush, 1990; this paper 
Bush, 1990 
Bush, 1990 
Bush, 1990 
Bush, 1990 
Bush, 1990 
Bush, 1990 
Bush, 1990 
Bush, 1990 
Dronen et a!., 2002 
Bush and Threlfall, 1984; Bush, 1990 
Ching, 1990; Bush, 1990; Dronen et al., 2002; this paper 
Ching, 1995 
Bush, 1990 
This paper 
Dronen et a!., 2002 
Ching, 1990; Bush, 1990; Dronen et a!., 2002; this paper 
Dronen and Blend, 2008; this paper 
Ching, 1990 
Ching, 1995 
Ching, 1995 
Bush, 1990 
This paper 
Bush, 1990 
Dronen et al., 2002 
Bush, 1990 
Dronen et a!., 2002 
Dronen et a!., 2002 
This paper 
Bush, 1990 
Bush, 1990 
Dronen et a!., 2002 
Bush, 1990 
Bush, 1990 
Bush, 1990 
Bush, 1990 
(Table III continued) 
Table III. Continued 
Helminth 
Testiculoporus cedarkeyensis 
Trematode A 
Trematode B 
Wardianum catoptrophori 
Cestoda (28) 
Anomotaenia gallinaginis 
Anomotaenia n. sp. 
Anomotaenia n. sp. 
Anomotaenia sp. 
Anomotaenia sp. 
Aploparaksis n. sp. 
Aploparaksis sp. 
Aploparaksis sp. 
Choanotaenia sp. 
Cysticercoid stage 
Dictymetra radiaspinosa 
Dilepididae sp. 1 
Dilepididae sp. 2 
Hymenolepididae 
Hymenolepididae sp. 1 
Hymenolepididae sp. 2 
Hymenolepis albertensis 
Hymenolepis amphitricha 
Hymenolepis hopkinsi 
Hymenolepis microskrjabini 
Kowalewskiella catoptrophori 
Kowalewskiella cingulifera 
Kowalewskiella glareolae 
Kowalewskiella macrospinum 
Lateriporus skrjabini 
Microsomacanthus sp. 
Ophrycotyle insignis 
Ophrycotyle proteus 
Acanthocephala (5) 
Parafilicollis sp. 
Polymorphidae 
Polymorphus marilis 
Prosthorhynchus sp. 
Prosthorhynchus sp. 
Nematoda (16) 
Capillaria cecumitis 
Capillaria sp. 
Capillaria sp. A 
Capillaria sp. B 
Cosmocephallus obvelatus 
Echinuria horrida 
Schistorophus lanciniatus 
Schistorophus skrjabini 
Sciadiocara umbellifera 
Skrjabinocara sp. 
Skrjabinoclava bakeri 
Skrjabinoclava inornatae 
Skrjabinoclava sp. 
Sobolivicephalus lichtensfelsi 
Spiruridae sp. 
Streptocara sp. 
Locality* 
FL 
AB 
FL 
TX 
AB,MB 
AB,MB 
FL,LA 
AB,MB 
TX 
AB 
AB,MB 
FL 
OK 
CA 
AB,MB 
AB,FL 
AB,FL 
CA 
AB, MB 
MB 
AB,MB 
AB, LA, MB 
AB,MB 
AB 
TX 
AB,MB 
AB 
TX 
AB,MB 
AB 
AB, MB, FL, LA, OK, TX 
TX 
AB, FL, LA 
CA 
AB, MB 
FL 
TX 
CA, TX 
TX 
AB, FL, MB 
AB, CA?, FL, LA, MB 
OK 
OK 
OK 
TX 
TX 
TX 
CA 
AB, CA, FL, LA, MB, TX 
TX 
TX 
LA 
OK 
Citation 
Kinsella and Deblock, 1997 
Bush, 1990 
Bush, 1990 
Dronen, 2007 
Bush, 1990 
Bush, 1990 
Bush, 1990 
Bush, 1990 
This paper 
Bush, 1990 
Bush, 1990 
Bush, 1990 
Riggins, 1953 
Ching, 1990 
Bush, 1990 
Bush, 1990 
Bush, 1990 
Ching, 1990 
Bush, 1990 
Bush, 1990 
Bush, 1990 
Bush, 1990 
Bush, 1990 
Bush, 1990 
Dronen et aI., 2002 
Bush, 1990 
Bush, 1990 
Dronen et aI., 2002 
Bush, 1990 
Bush, 1990 
Webster, 1949; Bush, 1990; this paper 
Dronen et aI., 2002 
Bush, 1990 
Ching, 1990 
Bush, 1990 
Bush, 1990 
Dronen et aI., 2002 
Ching, 1990; this paper 
Dronen et aI., 2002 
Bush, 1990 
Bush, 1990 
Riggins, 1953 
Riggins, 1953 
Riggins, 1953 
This paper 
This paper 
Dronen et aI., 2002 
Wong and Anderson, 1987 
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Wong and Anderson, 1987; Wong et aI., 1989 
Dronen et aI., 2002 
This paper 
Bush, 1990 
Riggins, 1953 
* AB = Alberta; CA = California; FL = Florida; LA = Louisiana; MB = Manitoba; MT = Montana; OK = Oklahoma; TX = Texas. 
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from I to 4 (X = 2.8, ±SE = 0.26, M = 3). Diversity and evenness were 
0.72 and 0.23, respectively. Cestodes occurred in the greatest numbers 
(1,029 [90%]), followed by trematodes (109 [9%]) and nematodes (10 [1 %]). 
No acanthocephalans were recovered. The cestodes Anomotaenia gallina-
gilis and Kowalewskiella cingulifera were the most prevalent helminths at 
50% and 55.6%, respectively. The cestode Anomotaenia sp. I was the most 
abundant (X = 27.7) (Table I). Fifteen of 16 species of helminths were 
generalists. The cestode Anomotaenia sp. I appears to be a specialist. 
Component communities from CRVG and MT were similar for low 
mean species richness and for medium diversity and uneven parasite 
distribution. Similarity of helminth species between localities was as 
follows; GB to the CRGV (8%), CRGV to MT, (2%), MT to Tilly B, AB 
(16%), and GB to MT (1.5%). 
Several undetermined species of cestodes, Anomotaenia spp., were major 
contributors to the component communities of willets in both saltwater 
and freshwater habitats reported by Bush (1990) and in our study for both 
migrating (CRGV) and MT birds, but were not reported by Dronen et al. 
(2002) from GB. We observed the cestode Kowalewskiella cingulifera in 
MT, and Bush (1990) recorded it in AB and MA and in 2 saltwater 
localities in Florida, but we did not observe this species in spring migrating 
willets from the CRGV nor did Dronen et al. (2002) in GB. The trematode 
Odhneria odhneri was I of 2 helminths observed in all habitats, saltwater 
(BSW, GB), migrating (CRGV), and freshwater (MT, BFW). This marine 
species exhibited a high mean abundance in spring migrating willets (CRGV 
= 98), next in saltwater habitats (BSW + GB/2 = 53), and lowest in 
freshwater habitats (MT + BFWI2 = 3). The trematode Parorchis 
catoptrophori described from willets by Dronen and Blend (2008), and 
presumed to be the same species as Parorchis acanthus previously reported 
from willets by Bush (1990) and Dronen et al. (2002), was the only other 
species observed in all localities. The mean abundance of this marine species 
was highest in saltwater habitats, (BSW + GB/2 = 2), next in spring migrants 
(CRGV = 0.6, and lowest in freshwater habitats (MT + BFW/2 = 0.3). 
Examination of the component communities for the willet reported 
by Bush (1990) and Dronen et al. (2002) and data from our study denote 
the following salient features for helminth parasites in western willets: (I) 
trematodes were most abundant in saltwater habitats; (2) cestodes were 
in greatest abundance in freshwater habitats; (3) nematodes were lower in 
abundance than either cestodes or trematodes and were most abundant 
in saltwater (GB) and spring migrants (CRGV) than in freshwater; and 
(4) acanthocephalans were in lowest abundance, or absent (Table II). 
The above features are generally true for most shorebirds whose yearly 
life cycle includes occupation of both fresh and saltwater habitats. One 
exception was the dominance of cestodes reported by Canaris and Kinsella 
(2000,2007) for 8 of9 species in post-breeding shorebirds from a saltwater 
habitat at Bristol Bay, Alaska. 
Bush (1990) stated that many willets collected on their breeding grounds 
(freshwater in Canada) harbored helminths that were transmitted in 
saltwater environments. In our study, spring migrating willets from the 
CRGV still retained 11 of 16 species from the marine habitat, while those 
in MT, from a distant saltwater habitat, still possessed 4 of 16. The 
presence of marine species in spring migrants returning from marine 
habitats through the Chihuahua Desert is not unusual. A similar pattern 
has been reported in bufflehead ducks, Bucephala albeola Linnaeus 
(Gladden and Canaris, 2009), and long-billed dowitchers, Limnodromus 
scolopaceus Say (Canaris et aI., 2010). Bush (1990) also commented that 
only I helminth, i.e., Anomotaenia sp., with a freshwater transmission 
pattern, made a substantive contribution to helminth communities in 
saltwater habitats. Although Dronen et al. (2002) did not observe 
Anomotaenia spp. in willets from GB (saltwater), these cestodes were 
substantial contributors to component communities in willets from CRVG 
and MT (Table I). 
Summarizing results for the willet from Bush (1990), Dronen et al. 
(2002), and our study (n = 216), species richness ranged as high as 7.5 to a 
low of 2.8 and mean abundance from 701 to 72. All helminths identified to 
species were generalists. Anomotaenia spp. were important contributors to 
all component communities except for willets from GB, where none was 
reported. Marine helminth species were frequently found in willets in 
spring migration (CRGV) and on the nesting ground (freshwater, MT and 
BFW), but generally there were fewer marine species observed as birds 
migrated from saltwater habitats to inland habitats. Loss of helminth 
species and abundance during migration has been demonstrated in some 
species of waterfowl (Buscher, 1965; Canaris et aI., 1981; Wallace and 
Pence, 1986, Gladden and Canaris, 2009). The obvious conclusion is that 
helminth species are lost as willets travel between distant locations. 
All told, 112 species of helminths have been reported from the willet, 63 
trematodes, 28 cestodes, 16 nematodes, and 5 acanthocephalans (Table 
III). Bush (1990) suggested that environments with their inclusive habitats 
were the major determinants of pattern in avian helminth communities. 
The large number of helminth species recorded for the willet and variation 
in its helminth component communities are undoubtedly related to the 
wide diversity of habitats that have been sampled. 
We wish to thank S. K. Bondarenko and V. L. Kontrimavichus for 
identification of several species of cestodes. This study was supported in 
part by the Department of Biological Sciences, University of Texas at EI 
Paso, and grant number NIH 5G12RR008124. 
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ABSTRACT: We report a case of oral stings by spermatophores of the 
squid Todarodes paciflcus. A 63-yr-old Korean woman experienced severe 
pain in her oral cavity immediately after eating a portion of parboiled 
squid along with its internal organs. She did not swallow the portion, but 
spat it out immediately, She complained of a pricking and foreign-body 
sensation in the oral cavity, Twelve small, white spindle-shaped, bug-like 
organisms stuck in the mucous membrane of the tongue, cheek, and 
gingiva were completely removed, along with the affected mucosa. On the 
basis of their morphology and the presence of the sperm bag, the foreign 
bodies were identified as squid spermatophores, 
Large quantities of the squid Todarodes pacificus (belonging to 
Ommastrephidae) are caught off the eastern coast of Korea, In 2009, 
about 190,000 tons of squid were caught off the Korean Peninsula (Korea 
Fisheries Association, 2010). In Korea, squid are a popular seafood that 
are usually eaten raw, In the present study, we report a case of penetration 
of the oral mucosa by sperm bags of Todarodes paciflcus, To the best of 
our knowledge, this is the first report of oral stings resulting from eating 
undercooked squid in Korea, 
A healthy 63-yr-old Korean woman, who was living in Seoul, was 
admitted to the emergency department of a hospital in February 2008, On 
history taking, we found that she had parboiled a whole live squid for a 
few seconds in boiling water and cut its body, together with the internal 
organs, into small pieces in order to check its taste, As soon as she put a 
piece into her mouth, she felt like many "bugs" were biting her oral 
mucosa, She experienced severe sharp pain and spat out the entire portion 
without swallowing, Despite that, she could feel many small squirming 
white bug-like organisms penetrating her oral mucosa, She visited the 
nearest emergency facility, and brought along the lump of squid that she 
had spat out. Twelve, small, spindle-shaped white organisms, 2-5 mm in 
length, were found stuck to the mucosa of her tongue, cheek, and gingiva 
(Fig, I), Because the organisms were still moving during the examination, 
the physicians initially thought that they were squid parasites and removed 
them surgically, along with the surrounding affected mucosa (Fig, 2). 
Later, on observing their morphology and noting the presence of a sperm 
bag, we identified the bug-like creatures as squid spermatophores. 
Numerous spermatophores were found in the spat out portion of the 
squid as well (Fig, 3), The white, parasite-like organisms were tentatively 
identified as sperm bags of T. pacificus, 
The common squid, T. pacificus, is distributed in the northern part of 
the Pacific Ocean around Korea and Japan, up to the coast of China, 
FIGURE I. Foreign bodies (arrows) penetrating the mucosa of the 
patient's tongue, cheek, and gingiva, 
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Russia, and across the Bering Strait toward lower Alaska and Canada. 
The countries with the largest catches are Korea and Japan, with more 
than 80% of total catches in the world (Food and Agriculture 
Organization of the United Nations, 2011). Traditionally, the common 
squid is consumed as processed dried food. However, the consumption of 
raw and cooked squid dishes is steadily increasing. 
Cephalopods serve as important transport hosts for several parasitic 
helminths between invertebrates, small and large teleosts, sharks, and 
mammals in oceanic ecosystems (Pascual and Hochberg, 1996), and 
common squid are no exception. They harbor a number of parasites 
and, when served raw, the parasites can be transferred to humans, causing 
food hygiene problems. Anisakid nematodes and Nybelinia surmenicola 
(Cestoda: Trypanorhyncha) frequently infect common squid (Shimazu, 
1975; Nagasawa and Moravec, 1995) and marine fish, and may end up in 
the human oral cavity when their hosts are consumed raw (Eguia et aI., 
2003). Typically, anisakid nematodes inhabit the gastric or intestinal 
mucosa, and oral anisakiasis, although rare, still occurs. Moreover, 
N. surmenicola plerocercoids can be easily distinguished from other 
trypanorhynch cestodes owing to their body shape. 
In our patient, the shape of the foreign bodies in the oral cavity was 
similar to that of the N. surmenicola larvae (Miyahara and Fujihara, 
2003). Nybelinia surmenicola plerocercoids possess 4 tentacles at the apical 
end of the head. The tentacles are armed with hooks, which are arranged 
spirally and, in the adult stage, they play the role of an anchor aiding in 
the attachment to their definitive hosts (Miyahara and Fujihara, 2003). In 
the present case, however, no tentacles were observed in the foreign bodies 
that penetrated the oral mucosa or in the tissue mass brought to the 
hospital by the patient (Fig. 3). 
Cephalopod molluscs such as squid, octopus, and cuttlefish possess a 
variety of reproductive organs and display diverse sexual behaviors (Boyle 
and Rodhouse, 2005). Cephalopods are dioecious and fertilization is 
internal. When squids mate, a male transfers its sperm, which are enclosed 
in complex structures called spermatophores, to a female. Cephalopod 
spermatophores are complex secretory structures that hold sperm masses 
and contain, in part, an ejaculatory apparatus for releasing the sperm 
mass, as well as a cement body, presumably for attaching the sperm mass 
FIGURE 2. Extracted sections of the oral mucosa containing sperm 
bags. Sperm bags (arrows) are seen in the mucosa. 
FIGURE 3. Spermatophores (arrows) and parts of the squid that the 
patient spat out. 
to the female (Austin et aI., 1964; Mann, 1984; Hoving and Laptikhovsky, 
2007). When the spermatophores come in contact with the female body, 
the coiled ejaculatory apparatus present in the spermatophore is activated 
by mechanical shock and releases a sperm bag, which becomes attached 
to the female body, and the sperm slowly emerge from it. Fertilization is 
complete when the sperm bind to an egg (Boyle and Rodhouse, 2005). 
The release of the sperm bag from the spermatophore is induced by a 
slight external shock (Kawamoto et aI., 1990). The sperm bags have been 
known to survive and remain active in the body of the female squid for 
long periods (Kawamoto et aI., 1990; Boyle and Rodhouse, 2005), e.g., 
Octopus tetricus females are able to store viable spermatozoa for periods 
up to 114 days (Jol1, 1976). In Japan, several cases of oral stings by sperm 
bags of squid species have been reported (Hamada et aI., 1990; 
Kawamoto et aI., 1990; Nakakura et aI., 1992; Nakashima et aI., 
1996). In the present case, we believe that the patient ate the portion of a 
male squid containing spermatophores, and that sperm bags were 
discharged from the spermatophores on chewing, which provided the 
mechanical shock. The spermatophores and sperm bags then stuck onto 
the mucosa of the patient's oral cavity. To prevent such a phenomenon, if 
a squid is to be consumed raw its internal organs should be removed; if it 
is to be served whole it should be boiled long enough to kil1 the sperm 
bags. 
The authors would like to thank Dr. Won Kyu Kho, Department of 
Parasitology, Inje University Col1ege of Medicine, Busan, Korea, for 
helping us with the literature search in this study. 
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Direct Evidence for Toxoplasma gondii Infection in a Wild Serow (Capricornis crispus) 
From Mainland Japan 
C. Sakae and T. Ishida, Department of Biological Sciences, Graduate School of Science, University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 
113-0033, Japan. e-mail: tishida@biol.s.u-tokyo.ac.jp 
ABSTRACT: Toxoplasma gondii infection was studied in 41 Japanese 
serows (Capricornis crispus), a goat-antelope in mainland Japan. Blood 
and muscle specimens were collected from 41 subjects between 2006 and 
2010. Presence of antibodies to T. gondii in the sera was examined by 
using the latex agglutination test (cutoff titer 1:32); 10 of 41 (24.4%) 
were seropositive. Toxoplasma gondii DNA was detected in muscle 
tissue of I seropositive serow using a semi-nested PCR assay f()r the 
BI gene. A partial nucleotide sequence (220 bp) corresponding to the 
BI gene of T. gondii was obtained by direct sequencing; the sequence 
was 99.1 % identical to that of the RH strain. This study is the first 
report to show direct evidence for the T. gondii infection in Japanese 
serows. 
Toxoplasma gondii is an intracellular parasitic protozoan that infects 
homeothermal animals, including humans; zoonotic toxoplasmosis has a 
wide geographic distribution (Sibley et aI., 2009). Felids are known as the 
only definitive hosts of T. gondii; oocysts are excreted in their feces (Dubey 
et aI., 1970). Animals are infected by ingesting oocysts in their 
environment or by eating tissue cysts in raw meat of animals infected by 
T. gondii. 
A wide variety of wild animals have been exposed to T. gondii 
worldwide, particularly deer and other cervids (Dubey, 2010). However, 
information on T. gondii infection in wild animals in Japan is limited 
(Kinjo et aI., 1987; Murata, 1988; Nogami et aI., 1999; Ornata, Murata, et 
aI., 2005). Typically, the Japanese serow (Capricornis crispus) is a goat-
antelope found in dense woodlands of Japan. However, its habitat is 
changing and moving closer to human habitations. Here we investigated 
prevalence of T. gondii infection in Japanese serows. 
A total of 41 Japanese serows (22 males and 19 females aged more than 
I yr) were culled between December 2006 and January 2010 in northern 
Nagano, Japan (36°42'-49'N, 138°23'-28'E), under the control, and with 
permission, of the Ministry of Environment. Blood specimens and skeletal 
muscle tissues were collected from these animals. Serum was separated by 
centrifugation and kept at -80 C prior to use. DNA was extracted from 
skeletal muscle tissues andlor blood specimens using High Pure PCR 
Template Preparation Kits (Roche, Basel, Switzerland). 
Presence of specific antibodies to T. gondii in the sera was studied using 
latex agglutination test kits (TOXOTEST-MT "Eiken," Eiken-Kagaku, 
Tochigi, Japan). Eight-fold diluted (with the supplied buffer) serum 
samples were then serially 2-fold diluted on a microplate and incubated 
with sensitized latex particle solution at room temperature overnight. 
When agglutination was observed at 32-fold, or higher, dilutions, the 
tested subject was regarded as seropositive for T. gondii; this was done in 
duplicate. 
A semi-nested PCR assay was used to detect T. gondii DNA with 
primers for the first amplification: 5'-AGACGTGTCATCAGGA-
CAAGGTTGGT-3' and 5'-ATGGCTGCGCATGGTTTGCAC-3', and 
for the second amplification: 5'- AGACGTGTCATCAGGACAAGG-
TTGGT-3' and 5'-TGCGCATGGTTTGCACTTTTGTG-3'. PCR am-
plification was visualized on agarose gel by ethidium bromide staining 
under UV light. After purifying the product from a PCR positive sample, 
we determined the partial sequence of the BI gene of T. gondii using an 
ABI PRISM 3100 Genetic Analyzer with big dye chain terminator kits 
(Applied Biosystems). Toxoplasma gondii had never been handled 
previously in our laboratory, 
Antibodies to T. gondii were found in 10 (7 of 22 males, 3 of 19 females) 
of 41 serows (24.4%) with a titer of 1:32 in 8 (5 males, 3 females), 1:64 in 
DOl: 10.1645/GE-2881.1 
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TABLE I. Nucleotide sequence variation in a 220-bp DNA fragment of the 
BI gene of Toxoplasma gongii in a Japanese serow. * 
Origin 
RH 
CapC 47 
1675-1812 1813 
G 
A 
Nucleotide position 
1814-1855 1856 
G 
A 
1857-1894 
• Four-digit numerals on the top correspond to the nucleotide position of the Bl 
gene of the RH strain (AF 179871). Ellipsis dots indicate identical nucleotide 
sequences. 
I (male), and 1:256 in I (male). There was no gender difference in the 
seropositivitiy (P > 0.2 by Fisher's exact test). A positive result was 
observed in the semi-nested PCR with the template DNAs extracted from 
the skeletal muscle tissue of a seropositive (1:64) male (CapC 47) and a 
partial nucleotide sequence (220 bp) corresponding to the BI gene of T. 
gondii was obtained; the sequence was 99.1% identical to that of the RH 
strain (Table I). Other DNA samples from skeletal muscle tissues (n = 3) 
and blood (n = 6) of the seropositive individuals did not give positive 
results in the PCR assay. 
Wild Japanese serows were shown to be seropositive for T. gondii in 
another region of Japan between 1981 and 1984, with a prevalence of 5.4% 
(Kinjo et aI., 1987). The current relatively high seropositivity in the 
Japanese serows (24.4%) may be attributed to several factors. For 
example, as stated previously, a recent increase in the overlapping of 
serows' range with human settlements, where domestic cats live would 
naturally result in an increased risk for recruitment of T. gondii oocysts in 
the serow's feeding areas. Japanese serows are herbivorous, and parasite 
transmission is most likely due to oral ingestion of oocysts in 
contaminated water or food. This situation parallels the pattern for other 
endemic mammals such as Shika deer (Cervus nippon) and wild boars (Sus 
scrofa) that have also expanded their range into human territories and 
have been reported as seropositive for T. gondii (Murata, 1988; Ornata, 
Ishiguro, et aI., 2005). 
We are grateful to the members of the Japan Hunting Association, 
Yamanouchi, for their devoted cooperation in sample collection. This 
study was partly supported by Grant-in-Aid for Scientific Research (A) 
from JSPS. 
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Exoskeletal Thinning in Cephalotes atratus Ants (Hymenoptera: Formicidae) Parasitized by 
Myrmeconema neotropicum (Nematoda: Tetradonematidae) 
Robin M. Verble, Ashley D. Meyer, Maurice G. Kleve, and Stephen P. Yanoviak*, Department of Biology, University of Arkansas at Little Rock, 
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ABSTRACT: Some parasites modify the color of their arthropod hosts, 
presumably to facilitate transmission to a new host. Mechanisms for such 
changes often are unknown, but altered exoskeletal color in adult insects 
typically occurs via structural modifications or redistribution of pigments. 
Here, we examine the cuticle structure of workers of the Neotropical 
canopy ant Cephalotes atratus infected with the nematode Myrmeconema 
neotropicum. We hypothesized that the conspicuous red color of the gaster 
(the globular posterior body region) of infected ants results from 
structural changes, specifically localized exoskeletal thinning. We used 
scanning electron microscopy to quantify the thickness of gaster cuticle in 
healthy and infected ants. For comparison, we also measured the cuticle 
thickness of the head of each ant, which is black in both infected and 
healthy individuals. The gaster cuticle was 23% thinner in infected ants 
(average ±SE: 14,8 ± 1.02 !im) versus healthy ants (19,2 ± 0,65 !im) after 
correcting for body size, In contrast, the thickness of the head exoskeleton 
was similar among groups. We conclude that parasite-induced thinning of 
the exoskeleton is associated with the red color of the gaster. Other 
mechanisms, including translocation or leaching of melanin (by the ant or 
the parasite, respectively) may operate in concert with thinning to effect 
the color change, and would be an appropriate extension of this research. 
Parasites often influence host phenotypes in ways that appear to 
facilitate their transmission to final hosts (e,g" Schmid-Hempel, 1998; 
Moore, 2002), Whereas parasite effects on host physiology and ecology 
may be subtle (Shik et aI., 2011), parasite-induced changes in the behavior 
and appearance of arthropods often are dramatic. Some of the more 
striking examples of such effects specifically involve changes in the color of 
the integument. Conspicuous exoskeletal color changes are found in 
isopods infected with acanthocephalans (e.g" Oetinger and Nickol, 1981, 
1982), and ants infected with cestodes (Muir, 1954; Trabalon et aI., 2000), 
flukes (Carney, 1969), nematodes (Lee, 1957; Yanoviak et aI., 2008), and 
gregarines (Crosland, 1988). The mechanisms for such changes are not 
well resolved in most cases (but see Oetinger and Nickol, 1981, 1982). 
Exoskeletal colors in insects exist by deposition of pigment compounds 
during development, e.g., melanin and ommochromes, or through 
interactions between incident light and cuticle morphology, i.e., structural 
color (Klowden, 2007). Changes in coloration are uncommon in adult 
insects and generally require significant reorganization of exoskeletal 
structure or redistribution of pigments (Fuzeau-Braesch, 1985; Chapman, 
1998). Thus, parasite-induced color changes in arthropods are not trivial 
phenomena. They generally occur via 3 mechanisms that are not mutually 
exclusive. First, morphological changes include thinning of the exoskel-
eton or exposure of pleural membranes by distension of the body wall, as 
in fluke-infected Camponotus spp. ants (Carney, 1969). Second, biochem-
ical changes result in pigment redistribution or removal (Muir, 1954; 
Klowden, 2007). Finally, the change in appearance may occur by indirect 
mechanisms, resulting entirely from the color of the parasite itself 
(Sanchez-Pena et aI., 1993) or via symbiosis between a parasite and a 
third organism (Fenton et aI., 2011). 
Here, we explore a potential mechanism for the dramatic change in 
color that occurs in workers of the Neotropical canopy ant Cephalotes 
atratus, infected with the nematode Myrmeconema neotropicum. Details of 
this host-parasite association are provided elsewhere (Poinar and 
Yanoviak, 2008; Yanoviak et aI., 2008; Shik et aI., 2011). Briefly, a C. 
atratus larva becomes infected when it is exposed to bird feces 
contaminated with nematode eggs. As the ant matures, the nematodes 
migrate to its gaster (the globular posterior body region). which ultimately 
becomes a conspicuous red vessel containing hundreds of nematode eggs 
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in the adult ant. Healthy ants are completely black, as are infected ants 
upon emergence from the pupal stage. Gradual reddening of the gaster 
coincides with development of the nematode embryos and temporal 
polyethism in the adult ant (see Corn, 1980), such that maximum redness 
occurs when the nematodes are at peak infectivity and the ant is spending 
most of its time foraging. Consequently, it is likely that birds act as 
paratenic hosts (Moore, 2002), completing the cycle by mistakenly 
consuming the berry-like red gasters and transmitting the nematodes to 
new ant colonies in their feces (Yanoviak et aI., 2008). 
Based on our knowledge of the C. atratus-M. neotropicum host-
parasite system, we pose 3 mechanistic hypotheses for the color change 
in infected ants. First, the increased gaster redness may be due to 
parasite-induced deposition of red pigments in the cuticle, e.g., 
carotenoids and ommochromes (Chapman, 1998). We know of no 
examples of such an effect caused by parasites. Second, given that 
parasites often influence exoskeletal structure in their arthropod hosts 
(Hepburn, 1985), and that insect cuticle includes proteins, lipids, and 
other compounds of potential nutritional value (Filshie, 1982), M. 
neotropicum may cause thinning of the ant exoskeleton by extracting 
such components during development (cf. Oetinger and Nickol, 1982). 
Significant thinning would allow light interference with cuticle layers, 
resulting in a translucent amber appearance. This effect occurs 
naturally where patches of thin cuticle exist on healthy C. atratus 
workers, e.g., the frontal lobes above the eyes. Finally, the black color 
of healthy C. atratus workers presumably is due to an abundance of 
cuticular melanin. Although melanin and related compounds are cross-
linked in the cuticle during sclerotization (Andersen, 1985), melanin is 
both nutritionally valuable and used by arthropods to encapsulate 
pathogens (Klowden, 2007). Thus, the red gasters of infected ants may 
be due to selective physiological removal of melanin from the 
exoskeleton, perhaps via active relocation by the ant, or by extraction 
and subsequent consumption by the developing parasite embryos, or 
both. Here, we focus on the second hypothesis. Specifically, we predict 
that the gaster exoskeleton is significantly thinner in infected ants. 
We further expect that the thickness of normal, black exoskeleton 
of infected ants will not differ from similar exoskeletons on healthy 
ants. 
Fieldwork for this project was conducted on Barro Colorado Island 
(BCI), Panama (9.16°N, 79.85°W), as part of prior studies on this system 
(Poinar and Yanoviak, 2008; Yanoviak et aI., 2008) and during more 
recent visits (May 2009, 2010). The BCl forest is classified as seasonally 
moist, receiving ca. 2,700 mm of rain per year, punctuated by a distinct 3-
mo dry season. Leigh et al. (1996) provide additional details regarding the 
climate and biology of the site. 
Infected and uninfected C. atratus workers were collected from 2 
colonies separated by > I 00 m. In each case, the home tree of the colony 
was climbed with the use of the single rope technique (Perry, 1978) and 
baits consisting of canned tuna (in water) mixed with honey were placed 
on branches and lianas. Ants were allowed to accumulate at baits for 
about I hr, then infected workers (indicated by their red gasters) and a 
representative sample of healthy workers (entirely black) were collected 
and placed into 95% ethanol. Voucher specimens were deposited in the 
synoptic insect collection at the Smithsonian Tropical Research Institute 
(Balboa, Panama), the Fairchild Museum (University of Panama, Panama 
City, Panama), and the Watson Entomological Museum (University of 
Arkansas at Little Rock, Little Rock, Arkansas). 
We measured head width (HW, maximum width posterior to eyes; 
spines and eyes excluded), head length (HL, excluding mandibles), thorax 
length (TL, distance from the anterior margin of the pronotum to the 
posterior margin of the propodeum), pronotum width (PW, measured 
immediately posterior to the pronotal spines), and foretibia length (FL, 
TABLE 1. Averages (±SE) of morphological variables measured on healthy 
and infected Cephalotes atratus workers. HW = head width (mm), HL = 
head length (mm), PW = pronotum width (mm), TIL = foretibia length 
(mm), TxL = thorax length (mm). See text for measurement details. 
Degrees of freedom (dt) vary because of missing data. Mass (mg) 
measurements exclude gasters. 
Healthy Infected df P 
HW 2.94 ± 0.103 2.64 ± 0.109 34 1.98 0.055 
HL 2.50 ± 0.091 2.28 ± 0.097 34 1.66 0.112 
PW 1.87 ± 0.078 1.68 ± 0.084 28 1.69 0.102 
TIL 1.79 ± 0.054 1.69 ± 0.058 34 1.24 0.222 
TxL 3.89 ± 0.101 3.69 ± 0.112 29 1.39 0.176 
Mass 10.6 ± 0.65 7.7 ± 0.68 34 3.06 0.004 
the distance from the distal margin of the femur to the basal margin of the 
first tarsomere) on each ant. The dry mass of each ant (gaster excluded) 
was determined to the nearest 0.1 mg after 24 hr at 75 C. 
We used environmental scanning electron microscopy (eSEM; model 
PSEM II, ASPEX LLC, Delmont, Pennsylvania) to measure exoskeletal 
thickness. The gaster of each ant was sectioned transversely at its midpoint 
with a fresh blade. The head of each ant was similarly bisected along its 
longitudinal axis. The resulting sections were mounted on stubs and 
positioned such that the thickness of the cut edge could be accurately 
measured. Specimens were observed at 200--500x magnification. Integu-
ment thickness was measured with the use of resident eSEM software at 5 
haphazardly selected points (separated by at least 20 /llTI) along the 
exposed edge of the gaster dorsum, i.e., abdominal tergum 3, and similarly 
at 5 points on the longitudinal axis of the exoskeleton of the head, i.e., the 
frons. The average of the 5 measurements for each body region was used 
as the datum for each ant (n = 36 gasters, n = 34 heads; heads of 2 
infected ants were excluded due to damage during sectioning). 
We compared the thickness of the exoskeleton between infected and 
healthy ants with ANCOV As, with HW as a covariate. Gaster and head 
exoskeletal thickness were analyzed separately. We used HW as the 
covariate rather than mass for 3 reasons: (1) mass measurement excluded 
the gaster, which consistently weighs more when parasites are present 
(Yanoviak et aI., 2008; Shik et aI., 2011); (2) HW was more tightly 
correlated with other morphometrics than mass (see below); and (3) the 
thickness of both head and gaster exoskeleton increased with HW, but not 
with mass. 
Analyses were conducted with SAS software (SAS Institute, 2002). All 
data were tested for homogeneity of variance and normality (Shapiro-
Wilk W or Kolmogorov D) before analysis. Data were log-transformed 
when necessary to correct variance heterogeneity or improve normality 
(Sokal and Rohlf, 1995). 
Infected ants and healthy ants used in the study were similar in most 
morphometrics, but infected ants weighed significantly less than healthy 
ants (gasters excluded; Table I). All morphological variables measured on 
the ants were significantly correlated with each other and with mass 
(Table II). As in other studies with C. atratus (Corn, 1980; Yanoviak 
TABLE II. Correlation matrix for morphological variables measured on 
healthy (boldface values) and infected Cephalotes atratus workers. Within 
treatments, all pairwise comparisons are significant (P < 0.032). HW = 
head width (mm), HL = head length (mm), PW = pronotum width (mm), 
TIL = foretibia length (mm), TxL = thorax length (mm). Mass (mg) 
measurements exclude gasters. 
HW HL PW TIL TxL Mass 
HW 0.836 0.914 0.812 0.833 0.950 
HL 0.896 0.927 0.619 0.931 0.781 
PW 0.897 0.914 0.686 0.954 0.865 
TIL 0.657 0.660 0.740 0.601 0.723 
TxL 0.645 0.756 0.702 0.572 0.796 
Mass 0.961 0.864 0.914 0.615 0.568 
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FIGURE 1. Average (+SE) exoskeletal thickness of the head and gaster 
of infected and healthy Cephalotes atratus. Head n = 34, gaster n = 36, 
* = P < 0.05. 
et aI., 2008), HW showed the strongest relationship with mass (Table II). 
However, we observed that HW relates to various other morphometrics 
better than does mass. Specifically, the average (±SD) correlation 
coefficient between HW and other metrics excluding mass was signifi-
cantly higher (0.811 ± 0.1053) than between mass and other metrics, 
excluding HW (0.766 ± 0.1230; paired t = 4.03, df = 7, P = 0.005). 
The thickness of the head exoskeleton of infected ants did not differ 
from that of healthy ants when corrected for body size (Fig. 1; F1•30 = 
0.95, P = 0.34). However, the gaster exoskeleton of infected ants was 
significantly thinner and marginally less variable than that of healthy ants 
(Fig. 1; t = 3.52, df = 34, P = 0.0012; Bartlett's test: F = 3.87, P < 0.05). 
Covariance slopes were heterogeneous in the analysis of gaster exoskeleton 
thickness (F1,30 = 6.87, P = 0.013); thus we compared means with at-test. 
Our results support the hypothesis that the red appearance of C. atratus 
gasters containing M. neotropicum is associated with thinning of the 
exoskeleton. This conclusion is reinforced by the lack of difference in 
thickness of black exoskeleton between healthy and infected ants. 
Presumably, nematode embryos biochemically erode the host ant cuticle 
from within as they develop (St. Leger, 1993), facilitating increased light 
transmission through the gaster exoskeleton, and consequently a red 
appearance. The relatively low variance in gaster exoskeleton thickness 
among infected ants suggests that the erosive process is tightly regulated to 
prevent collapse or premature rupture of the gaster, which would kill the 
ant and catastrophically interfere with transmission of the parasite to new 
colonies. We hypothesize that the biochemical process of exoskeletal 
erosion in this case is inhibited by light. Such a mechanism would facilitate 
suspension of the erosive process at a point that does not prematurely 
destroy the gaster. This notion remains to be tested. 
All evidence to date provides no support for our first hypothesis-that 
the red color of the gaster cuticle in infected ants is the result of deposition 
of pigments by the parasites. Indeed, it is more likely that parasites extract 
such compounds from their hosts (Oetinger and Nickol, 1982). However, 
we cannot completely exclude our third hypothesis-the possibility that 
translocation or leaching of melanin (by the ant or the parasite, 
respectively) operate in combination with exoskeletal thinning to produce 
the red color in C. atratus. Melanin plays important roles in insect defense 
against pathogens (Wilson et aI., 2001) and in the encapsulation of 
parasitoids (Klowden, 2007). Our observations suggest that some 
translocation is indeed occurring; ants in the latter stages of infection 
show partial reddening of the femurs with no obvious effect on the 
integrity of the femoral exoskeleton (Yanoviak et aI., 2008). 
The C. atratus-M. neotropicum symbiosis exemplifies the diverse and 
complicated effects that parasites can have on their hosts, and it is likely 
that more detailed investigation of the biochemical aspects of this 
relationship will uncover interesting patterns. Other appropriate exten-
sions of this work could include comparative study of the mechanisms 
underlying the color change in Pogonomyrmex spp. ants that serve as the 
intermediate host for the toad-infecting nematode Skrjabinoptera phryno-
soma (Lee, 1957). This host-parasite association is superficially similar to 
the C. atratus-M. neotropicum system in that the ants are infected during 
the larval stage, and the gasters of parasitized worker ants are lighter in 
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color (Lee, 1957). As in C. atratus, the mechanism of the color change is 
unknown. Finally, similar reddening of gasters occurs in Cephalotes 
christopherseni infected with nematodes, and occasionally in C. atratus 
infected with insect parasitoids (S. Yanoviak, pers. obs.). The mechanism 
for the color change in these cases presumably is similar, but has not been 
investigated. 
We thank Oris Acevedo, Belkys Jimenez, Annette Aiello, and the staff 
of the Smithsonian Tropical Research Institute for facilitating our work 
on BCI, and for assisting with the acquisition of permits through the 
Panamanian Autoridad Nacional del Ambiente. Manuela Koinig (UALR) 
shared her preliminary observations of this system, and Rahul Mehta 
(University of Central Arkansas) assisted with electron microscopy, 
imaging, and measurements. This research was supported in part by grant 
IOS-0843120 to Spy from the National Science Foundation and by an 
undergraduate research grant to A.D.M. from UALR. 
LITERATURE CITED 
ANDERSEN, S. O. 1985. Sclerotization and tanning of the cuticle. In 
Comprehensive insect physiology, biochemistry, and pharmacology. 
Vol. 3, Integument, respiration and circulation, G. A. Kerkut and 
L. 1. Gilbert (eds.). Pergamon Press, Oxford, U.K., p. 59-74. 
CARNEY, W. P. 1969. Behavioral and morphological changes in carpenter 
ants harboring dicrocoeliid metacercariae. The American Midland 
Naturalist 82: 605-611. 
CHAPMAN, R. F. 1998. The insects: Structure and function. Cambridge 
University Press, Cambridge, U.K., 788 p. 
CORN, M. L. 1980. Polymorphism and polyethism in the neotropical ant, 
Cephalotes atratus (L.). Insectes Sociaux 27: 29-42. 
CROSLAND, M. W. J. 1988. Effect of a gregarine parasite on the color of 
Myrmecia pilosula (Hymenoptera: Formicidae). Annals of the 
Entomological Society of America 81: 481-484. 
FENTON, A., L. MAGOOLAGAN, Z. KENNEDY, AND K. A. SPENCER. 2011. 
Parasite-induced warning coloration: A novel form of host manip-
ulation. Animal Behaviour 81: 417-422. 
FILSHIE, B. K. 1982. Fine structure of the cuticle of insects and other 
arthropods. In Insect ultrastructure. Vol. 1. R. C. King and H. Akai 
(eds.). Plenum Press, New York, New York, p. 281-312. 
FUZEAU-BRAESCH, S. 1985. Colour changes. In Comprehensive insect 
physiology, biochemistry, and pharmacology. Vol. 3, Integument, 
respiration and circulation, G. A. Kerkut and L. 1. Gilbert (eds.). 
Pergamon Press, Oxford, U.K., p. 549-589. 
HEPBURN, H. R. 1985. Structure of the integument. In Comprehensive 
insect physiology, biochemistry, and pharmacology. Vol. 3, Integu-
ment, respiration and circulation, G. A. Kerkut and L. 1. Gilbert 
(eds.). Pergamon Press, Oxford, U.K., p. I-58. 
KLOWDEN, M. J. 2007. Physiological systems in insects. Academic Press, 
Burlington, Massachusetts, 415 p. 
LEE, S. H. 1957. The life cycle of Skrjabinoptera phrynosoma (Ortlepp) 
Schulz, 1927 (Nematoda: Spiruroidea), a gastric nematode of Texas 
DATE OF PUBLICATION 
Volume 98, No.1, was mailed 29 February 2012 
horned toads, Phrynosoma cornutum. Journal of Parasitology 43: 66-
75. 
LEIGH, E. G., JR., A. S. RAND, AND D. M. WINDSOR. 1996. The ecology 
of a tropical forest: Seasonal rhythms and long-term changes, 2nd ed. 
Smithsonian Institution, Washington, DC, 503 p. 
MOORE, J. 2002. Parasites and the behavior of animals. Oxford University 
Press, New York, New York, 338 p. 
MUIR, D. A. 1954. Ants Myrmica rubra L. and M. scabrinodis Nylander as 
intermediate hosts of a cestode. Nature 173: 688-689. 
OETINGER, D. F., AND B. B. NICKOL. 1981. Effects of acanthocephalans on 
pigmentation of freshwater isopods. Journal of Parasitology 67: 672-
684. 
---, AND ---. 1982. Developmental relationship between acantho-
cephalans and altered pigmentation on freshwater isopods. Journal of 
Parasitology 68: 463-469. 
PERRY, D. R. 1978. A method of access into the crowns of emergent and 
canopy trees. Biotropica 10: 155-157 
POINAR, G., JR., AND S. P. YANOVIAK. 2008. Myrmeconema neotropicum 
n. g., n. sp., a new tetradonematid nematode parasitizing South 
American populations of Cephalotes atratus (Hymenoptera: For-
micidae), with the discovery of an apparent parasite-induced host 
morpho Systematic Parasitology 69: 145-153. 
SANCHEZ-PENA, S. R., A. BAUSCHINGER, AND R. A. HUMBER. 1993. 
Myrmicinosporidium durum, an enigmatic fungal parasite of ants. 
Journal of Invertebrate Pathology 61: 90-96. 
SAS INSTITUTE, INC. 2002. SAS OnlineDoc 9. SAS Institute, Inc., Cary, 
North Carolina. 
SCHMID-HEMPEL, P. 1998. Parasites in social insects. Princeton University 
Press, Princeton, New Jersey, 392 p. 
SHIK, J. Z., M. KASPARI, AND S. P. YANOVIAK. 2011. Preliminary 
assessment of metabolic costs of the nematode Myrmeconema 
neotropicum on its host, the tropical ant Cephalotes atratus. Journal 
of Parasitology 97: 958-959. 
SOKAL, R. R., AND F. J. ROHLF. 1995. Biometry. W.H. Freeman and Co., 
New York, New York, 880 p. 
ST. LEGER, R. 1993. Biology and mechanisms of insect-cuticle invasion by 
deuteromycete fungal pathogens. In Parasites and pathogens of 
insects. Vol. 2, Pathogens, N. E. Beckage, S. N. Thompson, and B. A. 
Federici (eds.). Academic Press, San Diego, California, p. 211-230. 
TRABALON, M., L. PLATEAUX, L. PERU, A. G. BAGNERES, AND N. 
HARTMANN. 2000. Modification of morphological characters and 
cuticular compounds in worker ants Leptothorax nylanderi induced 
by endoparasites Anomotaenia brevis. Journal of Insect Physiology 
46: 169-178. 
WILSON, K., S. C. COTTER, A. F. REESON, AND J. K. PELL. 2001. Melanism 
and disease resistance in insects. Ecology Letters 4: 637-649. 
YANOVIAK, S. P., M. KASPARI, R. DudLEY, AND G. POINAR, JR. 2008. 
Parasite-induced fruit mimicry in a tropical canopy ant. The 
American Naturalist 171: 536-544. 
CONTENTS 
THE JOURNAL OF PARASITOLOGY 
VOL. 98, NO.1 FEBRUARY 2012 
ECOLOGY-EPIDEMIOLOGY-BEHAVIOR 
The Rise and Fall of an Epizootic of the Diphyllobothriidean Cestode Schistocephalus pungitii Infecting the Ninespine 
Stickleback. DAVID C. HEINS and JOHANNA K. ECKE. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 
Helminth Community Structure of Tropidurus torquatus (Squamata: Tropiduridae) in a Rocky Outcrop Area of Minas 
Gerais State, Southeastern Brazil. FELIPE B. PEREIRA, BERNADETE M. SOUSA, and SUELI de SOUZA LIMA. . . . 6 
Helminth Community Composition, Structure, and Pattern in Six Dove Species (Columbiformes: Columbidae) of South 
Texas. AUTUMN J. SMITH and ALAN M. FEDYNICH . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11 
Helminth Community Structure in Birds of Prey (Accipitriformes and Falconiformes) in Southern Italy. MARIO SAN-
TORO, JOHN M. KINSELLA, GIORGIO GALIERO, BARBARA DEGLI UBERTI, and FRANCISCO JAVIER AZNAR . . . . 22 
Parasite Assemblages of Australian Species of Pseudomys (Rodentia: Muridae: Murinae). H. J. WEAVER and L. R. 
SMALES ....................................................................................... 30 
ECTOPARASITOLOGY 
Description of a New Species of Bat-Associated Argasid Tick (Acari: Argasidae) From Brazil. FILIPE DANTAS-TORRES, 
JOSE M. VENZAL, LEOPOLDO F. 0. BERNARDI, RODRIGO L. FERREIRA, VALERIA C. ONOFRIO, ARLEI MARCILI, 
SERGIO E. BERMlJDEZ, ALBERTO F. RIBEIRO, DARCI M. BARROS-BATTESTI, and MARCELO B. LABRUNA . . . . 36 
Does Sunlight Enhance the Effectiveness of Avian Preening for Ectoparasite Control? JENNIFER A. H. KOOP, SARAH K. 
HUBER, and DALE H. CLAYTON. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46 
Widespread Dispersal of Borrelia burgdOIferi-Infected Ticks Collected From Songbirds Across Canada. JOHN D. SCOTT; 
JOHN F. ANDERSON, and LANCE A. DURDEN ............................... ,. . . . . . . . . . . . . . . . . . . . . . . . . 49 
Ectoparasite Raymondia lobulata Infestation in Relation to the Reproductive Cycle of Its Host - the Greater False Vampire 
Bat Megaderma lyra. ARASAMUTHU ARUL SUNDARI, WIESLAW BOGDANOWICZ, DURAlRAJ RAGU VARMAN, 
GANAPATHY MARIMUTHU, and KOlLMANI EMMANUVEL RAJAN. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60 
FUNCTIONAL MORPHOLOGY 
Morphological Changes of Ascaris spp. Eggs During Their Development Outside the Host. LIGIA M. CRUZ, MICHAEL 
ALLANSON, BOO KWA, AZLIYATI AZIZAN, and RICARDO IZURIETA. . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . 63 
IMMUNOLOGY 
Seroprevalence of Neospora caninum Infection on Dairy Cattle in Farms From Southern Romania. lOAN LIVIU MITREA, 
VIOLETA ENACHESCU, RUXANDRA RADULESCU, and MARIANA IONITA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69 
INVERTEBRATE-PARASITE RELATIONSHIPS 
The Role of Alternate Hosts in the Ecology and Life History of Hematodinium sp., a Parasitic Dinoflagellate of the Blue 
Crab (Callinectes sapidus). KATRINA M. PAGENKOPP LOHAN, KIMBERLY S. REECE, TERRENCE L. MILLER, KER-
STEN N. WHEELER, HAMISH J. SMALL, and JEFFREY D. SHIELDS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73 
LIFE CYCLES-SURVEY 
Recent Increase in Nybelinia surmenicola Prevalence and Intensity in Pacific Hake (Merluccius productus) Off the United 
States West Coast. DAVID R. BRYAN, KYM C. JACOBSON, and JOHN C. BUCHANAN. . . . . . . . . . . . . . . . . . . . . . . . 85 
Presence of Plasmodium and Haemoproteus in Breeding Prothonotary Warblers (Protonotaria citrea: Parulidae): Temporal 
and Spatial Trends in Infection Prevalence. ELENA L. GRILLO, ROBERT C. FITHIAN, HEATHER CROSS, CATHE-
RINE WALLACE, CATHERINE VIVERETTE, ROBERT REILLY, and D. C. GHISLAINE MAYER . . . . . . . . . . . . . . . . . . 93 
Geographic Variation in Life Cycle Strategies of a Progenetic Trematode. KRISTIN K. HERRMANN and ROBERT POULIN. . . 103 
Fluctuations in Densities of the Invasive Gill Parasite Centrocestus formosan us (Trematoda: Heterophyidae) in the Comal 
River, Comal County, Texas, U.S.A. MATTHEW S. JOHNSON, ANNE BOLICK, MARA ALEXANDER, DAVID HUFF-
MAN, ED OBORNY, and ALLEN MONROE. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111 
Parasites of Fishes in the Colorado River and Selected Tributaries in Grand Canyon, Arizona. CHAD M. LINDER, RE-
BECCA A. COLE, TIMOTHY L. HOFFNAGLE, BILL PERSONS, ANINDO CHOUDHURY, ROGER HARO, and MAURITZ 
STERNER. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117 
A Survey of Neospora caninum and Toxoplasma gondii Infection in Urban Rodents From Brazil. VANESSA MURADIAN, 
LEANDRA RIBEIRO FERREIRA, ESTELA GALLUCCI LOPES, PATRICIA de OLIVEIRA ESMERINI, HILDA FATIMA 
de JESUS PENA, RODRIGO MARTINS SOARES, and SOLANGE MARIA GENNARI . . . . . . . . . . . . . . . . . . . . . . . . . . 128 
MOLECULAR-CELL BIOLOGY 
Identification of Gene Expression Elements in Histomonas meleagridis Using Splinkerette PCR, a Variation of Ligated 
Adaptor PCR. ELIZABETH C. LYNN and ROBERT B. BECKSTEAD. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135 
PATHOLOGY 
Human Neurocysticercosis. In Vivo Expansion of Peripheral Regulatory T Cells and Their Recruitment in the Central 
Nervous System. LAURA ADALID-PERALTA, AGNES FLEURY, TERESA M. GARCIA-IBARRA, MARISELA HERNAN-
DEZ, MICHAEL PARKHOUSE, JOSE CARLOS CRISPIN, JEFFERSON VOLTAlRE-PROANO, GRACIELA CARDENAS, 
GLADIS FRAGOSO, and EDDA SCIUTTO. . . .. . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . 142 
SYSTEMATICS-PHYLOGENETICS 
A New Species of Rhabdias (Nematoda: Rhabdiasidae) in Calotes versicolor (Squamata: Agamidae) From Singapore. 
CHARLES R. BURSEY, DIONG CHEONG HOONG, and STEPHEN R. GOLDBERG. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149 
Redescription of Enterobius (Enterobius) macaci Yen, 1973 (Nematoda: Oxyuridae: Enterobiinae) Based on Material Col-
: lected From Wild Japanese Macaque, Macaca fuscata (Primates: Cercopithecidae). HIDEO HASEGAWA, HIROSHI 
SATO, and HARUMI TORII . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152 
A New Species of Spauligodon (Nematoda: Oxyurida: Pharyngodonidae) in Geckos From Sao Nicolau Island (Cape Verde) 
and Its Phylogenetic Assessment. FATIMA JORGE, MIGUEL A. CARRETERO, ANA PERERA, D. JAMES HARRIS, and 
VICENTE ROCA. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160 
(Continued on inside back cover) 
(Contents continued from outside back cover) 
A New [sopora Species of Passerines in the Family Turdidae From Costa Rica. SHAMUS P. KEELER, MICHAEL J. 
YABSLEY, SAMANTHA E. J. GIBBS, SABRINA N. McGRAW, and SONIA M. HERNANDEZ. . . . . . . . . . . . . . . . . . . . 167 
Marmosa paraguayana (Marsupialia: Didelphidae) as a New Host for G~acilioxyuris agilisis (Nematoda: Oxyuridae) in 
Brazil. MICHELLE V. S. SANTOS-RONDON, MATHIAS M. PIRES, SERGIO F. DOS REIS, and MARLENE T. VETA. . 170 
Three New Genera and Six New Species of Lecanicephalideans (Cestoda) From Eagle Rays of the Genus Aetomylaeus 
(Myliobatiformes: Myliobatidae) From Northern Australia and Borneo. K. R. KOCH, K. JENSEN, and J. N. CAIRA . . . 175 
THERAPEUTICS-DIAGNOSTICS 
Phospholipases and Cationic Peptides Inhibit Cryptosporidium parvum Sporozoite Infectivity by Parasiticidal and Non-
Parasiticidal Mechanisms. STEPHANE CARRYN, DEBORAH A. SCHAEFER, MICHAEL IMBODEN, E. JANE HOMAN, 
ROBERT D. BREMEL, and MICHAEL W. RIGGS. . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199 
RESEARCH NOTES 
Trichuris sp. and Strongyloides sp. Infections in a Free-Ranging Baboon Colony. J. ANDERSON, R. UPADHAYAY, 
D. SUDIMACK, S. NAIR, M. LELAND, J. T. WILLIAMS, and T. J. C. ANDERSON . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205 
Seroprevalence of Toxoplasma gondii Infection in Dogs in Sichuan Province, Southwestern China. BO LI, NINA ZHONG, 
WEIPING PENG, LIMIN SHANG, HONGTAO JIN, and QUAN LIU . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209 
Seroprevalence of Toxoplasma gondii in Dogs in Shandong, Henan, and Heilongjiang Provinces, and in the Xinjiang 
Uygur Autonomous Region, People's Republic of China. YONGXIA LIU, GAOMING HE, ZIQIANG CHENG, YAYIN 
QI, JIANZHU LIU, HONGCHAO ZHANG, GUODONG LIU, DAYOU SHI, DUBAO YANG, SHUJING WANG, and 
ZHENYONG WANG.............................................................................. 211 
Prevalence of Neospora caninum Antibodies in Sheep and Goats in Pakistan. A. NASIR, M. ASHRAF, M. S. KHAN, A. JAVEED, 
T. YAQUB, M. AVAIS, and M. P. REICHEL. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213 
Helminth Parasites of the Western Willet, Tringa semipalmata inornata, From Montana and Texas with a Checklist of 
Helminth Parasites. ALBERT G. CANARIS, JOHN M. KINSELLA, and ANDY S. DlDYK ........... ... .... .... . 216 
Penetration of the Oral Mucosa by Parasite-Like Sperm Bags of Squid: A Case Report in a Korean Woman. GAB-MAN 
PARK, JONG-YUN KIM, JEONG-HO KIM, and JONG-KI HUH. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 222 
Direct Evidence for Toxoplasma gondii Infection in a Wild Serow (Capricornis crisp us) From Mainland Japan. C. SAKAE 
and T. ISHIDA. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 224 
Exoskeletal Thinning in Cephalotes atratus Ants (Hymenoptera: Formicidae) Parasitized by Myrmeconema neotropicum 
(Nematoda: Tetradonematidae). ROBIN M. VERBLE, ASHLEY D. MEYER, MAURICE G. KLEVE, and STEPHEN P. 
YANOVIAK . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 226 
COVER CAPTION: Scanning electron micrographs of Rexapex nanus n. gen., n. sp. Scolex with apical organ everted. Figure 
61 from Koch et aI., 98: 175-198. 
